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ABSTRACT 


Tills  report  docuniciils  work  carried  out  lii  the  Materials  Research  Laboratory  of  The 
Pennsylvania  Stale  University  on  the  third  and  fhial  year  of  the  program  on  “Piezoelectric 
and  Eleclrosliicllvc  Materials  for  Transducers  Applications*  sponsored  by  the  OITlce  of  Naval 
Research  (ONR)  under  grand  No.  N00014-89-J-1689.  This  marks  the  Icnnlnalion  of  a  very  long 
and  highly  productive  sciiucncc  of  contracts  and  grants  focusing  on  the  development  of  new 
nialcrlals  for  Piezoelectric  and  Eleclroslrlcllve  transducer  applications  carried  through  under 
core  ONR  funding.  Fortunately  many  elements  of  the  work  will  be  continuing  on  a  new 
Unlverslly  Research  inillulive  (Uld)  program  under  ONR  sponsorship. 

Illglillglil.s  of  Ihe  past  year’s  activities  Include;  An  Increased  emphasis  ujron  the 
llextenslonal  (moonle)  type  aclualors.  modeling  both  the  Internal  stress  distribution  as  a 
function  of  geometry,  and  the  very  Interesting  resonant  mode  structure  of  the  composites;  A 
more  refined  focus  upon  the  perfonnance  of  piezoelectric  ceramic  transducers,  particularly 
under  high  drive  levels  is  developing  with  concern  for  the  extrinsic  domain  and  phase 
boundaiy  contributions  to  response.  Measurement  and  modelling  are  being  used  to  explore  the 
nonlinearity  and  the  frc(iucncy  response  and  to  examine  the  phase  partitioning  at  the 
rhombohedral  ;  tetragonal  morphotroplc  phase  bou’  lary  In  the  PZT  system.  Phenomena 
limiting  llfellinc  in  polarization  and  phase  switching  aclualors  arc  being  explored  to  separate 
surface  and  volume  clfccts  and  those  due  to  grain  size  and  Haw  population  differences.  New 
work  has  been  iiilllaled  to  examine  Acoustic  Emission  as  a  technique.  In  combination  with 
Uarkhausen  current  pulse  analysis,  to  separate  :ind  evaluate  domain  switching  and 
microcracldng  In  polarlzjition  switching  systems. 

From  work  on  this  program  it  has  now  become  clear  that  the  relaxor  fciTocleclrlcs  arc 
in  fact  close  analogues  of  the  magnetic  si)ln  glasses,  so  that  the  spin  glass  formalism  can  be 
used  to  explain  the  very  wide  range  of  dielectric.  elasTic  and  eleclroslriclive  properties.  The 
remaining  outstanding  fundamcnlal  problem  Is  Uial  of  the  detailed  hilerrclallonship  between 
the  known  nano-helcrogcncity  in  the  structure  and  chemistry  and  the  nanopolar  regions 
which  contribute  tlie  electrical  response. 

Of  very  high  practical  interest  is  the  manner  in  which  the  relaxor  can  be  field  biased 
into  cxlicincly  strong  piezoelectric  response.  Work  Is  going  forward  to  examine  tills  response 
in  detail  and  to  explore  the  possibility  that  such  “super-responses’  can  be  induced  by  chemical 
(solid  solution)  means. 

Processing  studies  have  focused  upon  new  lower  temperature  consolidations  for 
rclaxors.  and  upon  new  coniposlllons  for  high  temperature  piezoelectric  ceramics. 

In  parallel  with  the  ONR  Transducer  Program  the  Laboratory  has  extensive  DARPA 
sponsored  research  on  ferroelectric  thin  films.  Since  the  films  structures  frequently  Involve 
materials  like  the  PZT.  PMN  :  PT.  PLT  and  PLZT  families  of  compositions  and  do  explore 
piezoelectric  effects  and  applications,  a  small  group  of  the  most  relevant  papers  form  this 
program  arc  appended  to  the  report. 
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CERAMIC-METAL  COMPOSITE  ACTUATOR 


Q.C.  Xu,  A.  Doguo,  J.  Trcftlcr, 
S.  Yothikawu,  and  R.  E.  Newobam 
Matcriala  Rcacarch  Laborator/ 
The  Pcnntjtvanla  State  Univcraitj 
Univeraity  Park,  PA  16802 


ABSTRACT 

The  main  objective  of  tbit  work  wat  to 
develop  a  new  type  of  actuator.  It  consist!  of  a 
piezoelectric  ceramic  disk  or  multilayer  stack  and  two 
metal  end  plates  with  a  crescent*shaped  cavity  on  the 
inner  surface.  The  plates  are  used  as  mechanical 
uansformers  for  converting  and  amplifying  the  lateral 
displacement  of  the  ceramic  into  a  targe  axial  motion 
in  the  plates.  Both  dyi  and  dyy  contribute  to  the  axial 
displacement.  Sizeable  strains  were  obtained  with  both 
PZT-metal  and  PMN*metal  actuators.  Displacement 
amplification  principle,  fabrication,  and  measurement 
results  are  presented. 

INTRODUCTION 

In  recent  years,  piezoelectric  and 
electrostrictive  ceramics  have  been  used  in  many 
actuator  applications.  The  two  most  common  types  of 
actuator  are  a  multilayer  ceramic  actuator  with  internal 
electrodes  and  a  cantilevered  bimerph  actuatorlU.  a 
frame  structure  for  displacement  amplifier  in  impact 
printer  head  has  also  been  developed  using 
piezoelectric  multilayer  actuators  - 

This  paper  describes  a  new  type  of  ceramic* 
metal  composite  actuator  which  is  based  on  the 
concept  of  a  flextensional  transducer^^l.  The  ceramic 
is  excited  in  an  extensional  mode  and  the  meul  plates 
in  a  flexure  mode.  The  metal  plates  are  used  as  a 
mechanical  transformer  for  transforming  the  high 
mechanical  impedance  of  the  ceramic  to  the  low 
mechanical  impedance  of  the  load.  Therefore,  a  large 
effective  piezoelectric  coefficient,  d33.  exceeding 
4000  pC/N  as  well  as  a  hydrosfatic  piezoefeclrlc 
coefficient  da.  exceeding  800  pC/N  can  be  obtained 
from  a  single  PZT  disk-metal  (brass)  composite!*}. 

PRINCIPLE 

The  extensional  mode  of  the  piezoelectric 
ceramic  element  is  characterized  by  a  large  generated 
force,  a  high  electromechanical  coupling,  a  high 
resonant  frequency,  and  a  small  displacement.  Often  it 
is  desirable  to  use  a  compact  structure  to  magnify  the 
displacement  of  the  ceramic  element.  Figure  1  shows 
the  basic  configuration  of  the  ceramic-metal  composite 


actuator.  The  ceramic  element  can  either  be  a 
piezoelectric  ceramic  or  an  electrostrictive  ceramic 
with  single  layer  or  multilayer.  Low  driving  voltages 
can  be  used  for  the  multilayer  ceramic  element.  The 
electrostrictive  ceramic  is  expected  to  reduce 
hysteresis  as  well  as  exhibit  a  nonlinear  relationship 
between  the  voltage  and  the  displacement. 

The  "Moonie"  metal  plates  are  used  as 
displacement  magnifiers.  The  relationship  between  the 
displacement  of  the  metals  and  the  geometry  of  the 
metals  and  the  ceramic  is  explained  below.  For 
simplicity,  consider  a  curved  beam  with  small 
curvature  bonded  to  a  ceramic  bar  (Figure  2). 
According  to  elastic  theory  (SI.  the  btmding  moment  M 
under  an  electroactive  force  from  the  ceramic  is  as  eq. 
(1): 


a  zz  z  z  h  s 
-TiO>-a)-4abOn^)l 

M- - — - 2 -  (2) 

4(-— — ln^b^ln}Ua^ln2-i-bV) 
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The  electroacJive  force  will  be  iransmiiied  to 
the  Moonic  metal.  The  stress  in  the  metal  is; 


and  the  displacement  conversion  r::io  is: 

8  *4  Le  Y.h- 


where  d 


E3 

Yc 


and  r  -  a  -  b. 


piezoelecffic  suain  coefficient  of 
the  ceramic. 

electric  field  in  the  ceramic. 
Young's  modulus  of  the  ceramic, 
cross  sectional  area  of  the 
ceramic  and  metal,  respectively. 


The  normal  displacement  of  the  metal 
produced  by  the  piezoelectric  effect  of  the  ceramic  is: 

U-- _ ? - (3) 

^  2Y.I.  4h.Y.e 

hm  ■  thickness  of  the  metal 

Y,n  «  Young's  modulus  of  the  metal 

V  *  applied  voltage 

I-  s  moment  of  inertia  of  the  metal 


Equations  (3)  and  (6)  explain  uow  the  normal 
displacement  U  of  the  metal  is  related  to  the  transverse 
piezoelectric  or  electrostrictive  effect  of  the  ceramic. 
The  total  displacement  is  the  sum  of  the  displacement 
described  above  and  the  displacement  due  to 
longitudinal  effects. 

The  lowest  resonant  frequency  of  the  actuator 
is  a  flextensionai  mode  which  is  determined  mainly  by 
the  stiffness  of  the  ceramic  in  a  planar  mode  and  the 
equivalent  mass  of  the  metal  plate.  The  equivalent 
mass  is  much  larger  than  the  real  mass  of  the  metal 
plate  because  the  vibration  velocity  of  the  metal  part  it 
much  larger  than  the  reference  velocity  of  the  PZT. 
'Hie  equivalent  mass  is 
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dcYJi. 
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For  the  electrostrictive  effect: 


Mm  *  Pm  Ym  ®  Pm  Nn  ^ 

When  the  hc/hm  ratio  is  high  and  kn  «  kc, 

the  resonant  frequency  of  the  lowest  flextensionai 

mode  is: 


QcVy^. 


2*V(M,  4-MJ(k,+  kJ’' 


l+aitfj  MJci' 


Q  electrostrictive  coefTicienLoC — 

the  ceramic  -  -  - 

c  m  permittivity 

The  displacement  of  the  metal  by  th-^ 
electrostrictive  effect  is  then: 


"  4  h.h.Y.e 
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The  Me  is  miirh  larger  than  the  real  mass  of  the  metal. 
Here  kc^stiffness  of  ceramic 

kmsstiffness  of  metal  plate 
^sresonant  frequency  of  planar 
mode  of  the  ceramic  itself. 


The  transverse  displacement  at  the  end  of  the, 
ceramic  bar  is: 


8-^L 


2aV  MJe^ 


From  equation  (8)  the  lowest  flextensionai  frequency 
fft  is  proportional  to  V  hg,. 


SAMPLE  PREPARATION 


EXPERIMENT  RESULTS 


The  composite  actuators  were  made  from 
electroded  PZT5A  or  PMN-PT  ceramic  disks  (U  mm 
in  diameter  and  1  mm  thick)  and  brass  end  caps  (from 
1 1  mm  to  13  mm  in  diameter  with  thicknesses  ranging 
from  0.2  to  3  mm).  Shallow  cavities  from  6  mm  to  8.S 
mm  in  diameter  and  about  ISO  pm  center  depth  were 
machined  into  the  inner  surface  of  each  brass  cap.  The 
ceramic  disk  and  the  end  caps  were  bonded  around  the 
circumference,  taking  care  not  to  fill  the  cavity  or  short 
circuit  the  ceramic  electrodes.  Three  kinds  of  bonding 
materials  have  been  utilized: 


The  displacement  of  the  composite  actuator  in 
the  low  frequency  range  was  measured  with  a  Linear 
Voltage  Differential  Transducer  (LVDT)  having  a 
resolution  of  approximately  O.OS  pm.  The  direct 
piezoelectric  coefficient  d33  was  measured  at  a 
frequency  of  100  Hz  using  a  Berlincourt  d33  meter. 
The  displacement-frequency  dependence  was  measured 
with  a  double  beam  laser  interferometer.  Resonant 
frequencies  were  obtained  with  a  Hewlett-Packard 
Spectrum  Analyzer  (HP-3585A)  or  Network  Analyzer 
(HP-3577A). 


L  SihcT  foil  {2S  m  jnd 

silver  paste  bonding. 

This  composite  was  heated  to  600*C  under 
stress  to  solidify  the  bond.  After  cooling,  the  actuator 
was  encapsulated  using  Spun's  epoxy  resin,  followed 
by  curing  at  70*C  for  12  hours.  Electrodes  were 
attached  to  the  brass  end  caps  and  the  PZT  ceramic 
was  poled  at  2.S  MV/ro  for  15  minutes  in  an  oil  bath 
held  at  120‘C. 

2  Pb-Sn-Af  Solder  Bonding. 

The  PMN-PT  or  poled  PZT  and  the  brass  end 
caps  with  the  Pb-Sn-Ag  solder  ring  (thickness  SO  pm) 
were  heated  to  190‘C  under  pressure.After  cooling,  the 
composite  was  encapsulated  using  epoxy  resin. 

1  Eooxv  Resin  Bonding.  '  7  " 

The  brass  end  caps^^  the  ceramic  were 
bonded  by  Emerson  &  Cuming  ^dxy'resln  around  Ute 
rim  at  room  temperature. 

An  elecvostrictive  actuator  was  made  from  a 
multilayer  ceramic  suck  and  a  brass  beam  and  bonded 
to  the  Moonie  inner  surface  with  an  epoxy  (Figure-3).  _ 
This  composite  demonstrates  that  a  sizeable 
displacement  can  be  produced  under  low  driving 
voltage  using  a  multilayer  ceramic  suck. 


L  Displacement  Measurement 

Figure  4  shows  the  displacements  versus 
electric  field  curves  for  composite  actuators  driven  by 
PZT  and  PMN  ceramics.  Displacements  for  the 
uncapped  ceramics  are  shown  for  comparison.  PMN 
does  not  need  to  be  poled  because  it  utilizes  the 
electrostrictive  effect  rather  than  piezoelectricity. 
Dimensions  of  the  PMN  composite  sample  in  Figure  4 
arc  as  follows:  dsl3  mm,  dp=!  1  mm.  h=150  pm.  dc=6 
mm.  hp=l  mm,  and  hni=0.4  mm.  The  dimensions  of 
the  PZT  composite-1  sample  are:  d^dpsll  mm,  h»S0 
pm,  dev?  mm,  hp^l  mm,  and  hn)«0.5  mm.  Both  of  the 
uncapped  PZT  and  PMN  ceramics  have  the  same  size, 
dn«ll  mm  and  bpsi  mm.  The  experimental  results 
show  that  the  composites  produce  a  strain 
amplification  of  about  10  times.  A  displacement  of 
about  10  pm  can  be  obuined  under  a  Held  of  1  kV/mm. 
By  loading  these  actuators  with  weights,  it  is  capable 
of  exerting  forces  in  excess  of  2  kgf .  .  ^ 

As  shown  in  Equation  3  and  Equation  6.  the 
displacement  amplification  ts  dependent  on  the 
thickness  of  metal  hn  and  cavity  diameter  dc-  The 
sample  PZT  composiic-2  with  dimensions  d^dpsl  1 
mm,  hp=l  mm,  hs200  pm,  hnj^O.3  mm,  and  dcs8.S 


Figure  4.  DispUcemenU  measured  for  composite 
-  actuators  drives  by  FCT  and  PMN 
ccrtmicL  Displacemcal  for  the  uacapped 
ccrania  arc  showu  for  compariioa. 


Thickness  Dependence 


mm  exhibits  sizeable  displacements  •  as  large  as  10 
um  with  a  force  capability  of  0.15  kgf  (see  Figure  5). 


Electric  Field  (  >100  V/mm) 

Figure  5.  Disflaccment  vs.  field  carves  under 
different  cicrtjr  forces  for  the 
sample  PZT  composite*!. 

The  124  layer  eleetroitrictive  composite 
actuator  shown  in  Figure  3  gave  the  displacement 
exhibited  in  Figure  6,  More  than  15  pm  displacement 
can  be  obtained  under  an  applied  voltage  of  ISOV. 
Notice  that  this  experimental  result  is  obtained  with 
only  one  meut  end-cap  on  the  ceramic  stack.  If  the 
convex  or  concave  metal  end-caps  are  placed  on  both 
sides  of  the  ceramic  stack,  more  than  30  pm 
displacement  will  be  obtained  under  the  applied 
voltage  of  150V.  Displacements  for  the  uncapped 
multilayer  ceramic  in  the  same  direction  are  shown  for 
comparison.  The  lowest  flextensional  resonant 
frequency  for  the  composite  is  6.4  kHz. 
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Figure  7  shows  the  effective  dsy  coefficient 
and  resonant  frequency  plotted  as  a  function  of  the 
brass  thickness.  As  expected  in  Eq.  (4)  and  Eq.  (8), 
the  effective  d33  is  proportional  to  1^,„  and  the  lowest 
resonant  frequency  is  proportional  to  The  d33 
values  were  measured  at  the  center  of  the  brass  end 
caps  using  a  Berlincourt  d33  meter.  Values  as  high  as 
4000  pC/N,  approximately  10  times  that  of  PZTSA, 
were  obtained  with  the  Moonie  actuator. 


Figure  7.  Resonance  frequency  tf  end  djj  cocffidcat 
ploucd  as  a  runetkw  of  Ike  Ihickncm  of  the 
brass  endespt. 


Piezoelectric  effects  are  largest  near  the 
center  of  the  transducer  where  the  flexural  motion  is 
largest.  The  effective  values  measured  u  a  function  of 
position  with  a  Berlincoun  meter  are  shown  in  Figure 
8.  Plots  are  shown  for  two  brass  thicknesses  ofO.4  and — 
j.O  mm.  Ample'working  areas  of  severahmm^-are — 
obtained  with  the  actuators.  - 


Figure  t.  Porftlonal  dependence  of  the  djs 
eecfOckaf  for  two  actoalors  with 
brass  thickness  of  0.4  nus  and  3.0  ma. 


1  Resonant  FreQuencv-Tcmpcraturg, 

Dependence 

'llic  lowest  Hcxtcnsional  frequency  of  the  PZT- 
brass  composite  with  Pb-Sn*Ag  solder  bond  and  without 
epoxy  encapsulation  decreases  with  temperature  a 
shown  in  Figure  9.  This  it  probably  due  to  the  high 
suess  in  the  PZT  ceramic  arising  from  thermal  stresses 
set  up  by  the  metal. 


4.  PleciTode  Effect 

Figure  10  shows  the  effective  piezoelectric 
d33  coefficient  of  the  composite  increases  with 
electrode  area  of  PZT.  This  means  that  all  the  PZT  is 
contributing  uniformly  to  the  displacement. 


5.  Creep 

Keeping  a  field  of  1  kV/mm  on  the  composite 
sample  with  epoxy  bonding  for  two  hours,  no 
displacement  change  was  observed  by  LVDT 
measurement  (see  Figure  11)  after  one  hour. 


Figure  11.  Creep  under  field  IKV/mm. 


Fit»r*  10.  Efftctl**  <3)  *t.  tIettrsOc  trai  of  tk*  c«r«ai<. 


CONCLUSIONS 

A  new  type  of  actuator  has  been  constructed 
from  piezoelectric  PZT  ceramics  bonded  to  metal  end 
ca^a.  Shallow  apacei  under  the  end  caps  produce 
substanUal  increases  in  strain  by  combining  the  d33 
and  d3 1  contribuiioDS  of  the  ceramic.  Even  larger 
displacements  were  obtained  using  PMN 
electrostrictive  ceramics. 

The  displacement  is  inversely  proportional  to  the 
metal  ihickoesa. 

The  lowest  resonant  frequency  it  proportional  to 
the  square  root  of  the  metal  thickness. 

Ihe  displacement  is  proportional  to  the  area  of  the 
driving  ceramic. 

The  creep  under  1  kV/mm  is  very  small  after  one 

hour. 

Further  improvements  in  actuator  performance  are 
expected  using  improved  materials  and  design.  Driving 
voltages  can  be  reduced  using  multilayer  ceramics, 
and  larger  displacements  can  be  obtained  using 
multiffloonie  stacks  (Figure  12). 


Figure  12.  Illustration  of  Stacked  Composite. 
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ABSTRACT 

Dielectric  measurements  in  the  temperature  range  of  -20  °C  to  1 60  °C 
have  been  performed  on  lanthanum  doped  lead  zirconate  titanate  ceramic 
samples  with  rough  ground,  polished  and  chemically  etched  surfaces, 
respectlvefy.  ft  is  found  that  tfie  observed  diefectric  constants,  dielectric  loss, 
polarization  and  pyroelectric  coefficient  are  the  smallest  in  the  ground  samples 
and  the  laigest  in  tlie  etclred  sainples.  The  difference  Is  more  pronounced  near 
Ifie  permittivity  maximutn  temperature  T^ax  •  The  measured  dielectric  constant 
was  found  to  depend  on  sample  thickness  in  the  ground  and  polished  samples 
but  not  in  samples  with  etched  surfaces.  The  results  are  explained  in  terms  of  a 
simple  surface  layer  model.  A  nonferroeleclric  layer  is  produced  during 
lapping,  whicli  has  dielectric  constant  of  tlie  order  of  100  and  the  capacitance  of 
this  layer  in  the  investigated  temperature  range  is  0.2  —  0.7  pF/cm^.  Through 
post-annealing,  the  contributions  from  the  nonferroeleclric  nature  of  this  surface 
layer  and  from  the  two  dimensional  tensile  stress  generated  by  lapping  were 
also  separated  and  quantified. 
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I.  INTRODUCTION 

Surface  layers  have  special  effects  on  many  physical  properties  of 
ferroelectric  tnalerials,  such  as  dielectric  constant,  dielectric  lossh2,  pyroelectric 
current^,  remnant  polarization,  domain  switching  time,  coercive  field'*  and 
optical  properties.^  The  existence  of  a  surface  layer  can  introduce  many 
artifacts  to  electric  tneasurements,  causes  misleading  in  the  property  evaluation 
of  ferroelectric  materials. 

Recent  technology  advances  in  the  thin  film  deposition  have  made  the 
practical  application  of  ferroelectric  thin  film  possible,  the  most  promising 
applications  include  non-volatile  memory  and  electro-optical  devices.®  Since 
ferroelectric  films  have  thickness  of  only  several  thousand  angstroms  to  a  few 
microns,  the  surface  to  volutne  ratio  is  two  to  four  orders  of  magnitude  larger 
than  that  in  bulk  ferroelectric  material.  Therefore,  the  surface  layer  behavior  has 
a  critical  influence  to  the  properties  of  the  ferroelectric  thin  film.  It  has  been 
realized  tfiat  in  order  to  improve  tlie  performance  of  the  ferroelectric  thin  film, 
one  must  understand  and  control  the  surface  behavior.  The  same  is  true  also 
for  the  bulk  ferroelectric  ceramic,  especially  when  the  sample  thickness 
becomes  very  thin.  An  induced  surface  layer  from  mechanical  processing  could 
strongly  affect  the  performance  of  the  ceramic.  In  comparison  a  ceramic  system 
is  easier  to  study  tfian  thin  film  because  one  can  manipulate  the  dimensions 
and  a  well  densified  ceramic  is  readily  produced  while  there  are  still  many 
unsolved  technical  problems  in  the  thin  film  processing  and  its  surface  effect 
can  not  be  easily  separated.  Therefore  we  choose  to  study  a  ceramic  system, 
the  results  could  also  be  instructive  for  a  thin  film  system. 

The  study  of  surface  layer  can  be  traced  back  in  the  1 950’s.  Kanzig^ 
found  that  in  very  small  BaTiOa  particles  a  discrepancy  exists  in  the  symmetries 
of  a  surface  layer  (about  100  A  in  thickness)  and  the  bulk.  From  X-Ray  and 
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electron  diffraction  experiments  he  also  found  that  a  tetragonal  strain  presents 
in  this  surface  layer  even  above  Curie  temperature.  He  proposed  that  a  space 
charge  layer  at  sample  surface  is  responsible  for  these  results.  Chynowelh^ 
observed  a  polarized  surface  in  BaTiOs  crystals  above  Curie  temperature  and 
provided  some  evidence  to  support  the  space  charge  layer  model.  Merz^ 
demonstrated  that  the  switching  time  and  the  coercive  field  depend  on  sample 
thickness,  which  can  be  explained  by  the  fact  that  there  exists  a  surface  layer  in 
which  the  domain  wall  mobility  is  less  than  those  in  the  bulk  of  the  crystal.^ 

Since  then,  many  experiments  have  verified  the  existence  of  the  surface  layer 
on  ferroelectric  samples,  these  experiments  includes:  thickness  dependence  of 
the  dielectric  constant  and  loss ^  optical  absorption  coefficient®  and  refractive 
index.S-'O  The  thickness  dependence  of  dielectric  constant  and  loss  were  first 
studied  by  Schlosser  and  Drougard^  their  experiments  showed  that  the 
measured  dielectric  constant  from  a  thin  sample  of  BaTiOa  single  crystal  Is 
consistently  smaller  than  that  from  a  thick  sample.  The  effect  was  ascribed  to  the 
presence  of  a  surface  layer  with  lower  dielectric  constant.  The  relaxation  time  of 
tfiis  layer  was  measured  to  be  about  10'^  second  at  120  oC.  Thickness 
dependence  of  dielectric  constant  was  also  found  in  many  other  ferroelectric 
crystals,  including  TGS^^  Pb5Ge30ii2,  KDP  and  Rochelle  salt^^ .  The  electric 
impedance  of  the  surface  layer  is  much  higher  than  that  of  the  interior  of  the 
bulk.  An  interesting  fact  is  that  this  surface  layer  seems  to  be  insensitive  to  the 
change  of  temperature. 

The  existence  of  the  surface  layer  was  explained  as  due  to  the  presence  of 
intense  space  charge  field  near  the  ferroelectric-electrode  Interface,  which 
modifies  the  ferroelectric  behavior.*®  The  characterization  of  this  surface  layer 
is  not  so  simple,  there  are  at  least  three  different  types  of  surface  layers:  (a)  the 
as  grown  layer;  (b)  the  lapped  layer;  (c)  the  chemically  etched  layer.  Each  of 
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these  layers  may  have  different  structure  and  contribute  differently  to  material 
properties.  Previous  studies  on  the  thickness  dependence  of  dielectric  constant 
and  loss  did  not  incorporate  the  effect  of  different  surface  conditions.  Although 
Schlosser  and  Drougard^  did  use  samples  with  both  etched  and  polished 
surfaces,  the  difference  in  their  experimental  results  from  these  two  surfaces 
was  not  explained.  Jyomura  et  aP^  have  studied  the  influence  of  the  surface 
layers  produced  by  mechanical  lapping  (grinding  and  polishing)  on  the  physical 
properties  in  (Pbo.8Bao.iSro.i){Zro.8Tio.2)03  ceramics.  Their  results  show  that 
alter  these  lapped  surface  layers  were  etched  off.  the  dielectric  properties  of  the 
ceramic  were  improved.  They  concluded  that  the  lapped  surface  layer  (  about 
0.1 -0.2  pm  thick)  seems  to  be  non-ferroelectric,  so  that  near  the  Curie 
temperature  (at  which  the  dielectric  constant  reaches  maximum  in  mornal 
ferroelectrics)  the  dielectric  constants  of  this  layer  is  much  smaller  than  that  of 
the  bulk  material.  They  also  found  a  2-dimensional  tensile  stress  in  the  order  of 
5-15Kbar  inside  this  surface  layer.  Unfortunately,  none  of  the  above  mentioned 
investigators  have  studied  the  thickness  dependence  of  dielectric  properties  in 
a  ceramic  system. 

In  order  to  gain  a  better  understanding  of  the  nature  of  these  surface  layers 
it  is  necessary  to  evaluate  the  contributions  from  different  type  of  surfaces.  In 
this  paper  we  present  some  experimental  results  which  quantify  the 
contributions  of  three  types  of  surfaces:  ground,  polished  and  chemically 
etched.  The  effects  of  the  lapping  generated  two-dimensional  tensile  stress 
were  also  singled  out  through  post-annealing.  The  physical  properties  being 
studied  include  dielectric  constant,  dielectric  loss  and  pyroelectric  coefficients, 
and  the  material  being  studied  is  Lanthanum  doped  lead  zirconate 
titanale(PLZT),  a  relaxor  ferroelectric  ceramic  .  The  reason  for  chosen  PLZT 
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ceramic  as  our  subject  material  is  because  its  excellent  electro-optical  property 
which  has  found  many  practical  applications. ^5. 16 

II.  EXPERIMENTMENTAL  PROCEDURE 
2.1  Surface  Preparation 

Ceramic  PLZT  specimens  were  fabricated  from  mixed  oxides  by  hot 
pressing  technique  as  described  by  Yao  et  al.^^  The  compositions  are 
represented  by  the  formula  Pbt-xLax(ZryTiz)i-x/403.  Conventionally,  this 
formula  is  simplified  to  a  form  lOOx/IOOy/IOOz  representing  the  mole  ratio 
La/Zr/Ti.  For  instance,  Pbo.92Lao.o8(Zro.65Tio.35)o.9803  is  simply  represented 
by  8/65/35.  Three  different  cotnpositions  were  used  in  this  study,  they  are 
7/68/32,  8/65/35  and  8.4/65/35.  The  grain  size  for  these  three  compositions  are 
5pm,  5pm  and  10pm,  respectively.  At  room  temperature,  7/68/32  is 
rhombohedral,  8/65/35  and  8.4/65/35  are  also  mainly  rhombohedral  but  very 
close  to  the  morphotropic  phase  boundary  (a  structural  phase  boundary 
between  tetragonal  and  rtiombohedral  phases)  composition. 

The  satnples  used  in  the  experiments  were  cut  into  platelets  with  their 
thickness  ranging  from  45pm  to  2000pm  and  areas  of  about  2-20  mrn^.  Three 
types  of  surface  were  prepared  by  the  following  methods:  a)  Grinding  with  3pm 
silicon  nitride  abrasive,  b)  Polishing  with  1pm  diamond  paste  after  grinding,  c) 
Etching  in  H3PO4  acid  for  2  minutes  at  140oC  after  grinding  or  polishing. 
Surface  obtained  from  method  c)  is  relatively  rougher  than  the  polished  surface 
but  better  than  the  ground  surface.  After  surface  processing,  some  of  the 
samples  were  annealed  at  600°C  for  1  hour  to  release  the  mechanical  stress 
generated  during  polishing  and  grinding  in  the  surface  layer.  Gold  electrodes 
were  either  sputtered  or  evaporated  onto  the  surfaces  of  these  samples. 
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2.2  Measuretnenis 


The  dielectric  properties  were  measured  using  a  computerized  system 
produced  by  Hewlett-Packard.  A  HP  9825A  desktop  computer  was  used  for  the 
on-line  control  of  automated  measurements  through  a  HP  6904B 
multiprogrammer  interface.  The  temperature  and  frequency  dependence  of 
capacitance  and  loss  tangent  were  measured  by  LCR  meter,  HP4274A  and 
4275A  impedance  analyzers,  respectively.  The  frequency  range  in  our  study  is 
102 — 10^  Hz,  and  the  total  system  accuracy  is  estimated  to  be  0.3%.  The 
pyroelectric  currents  vs.  temperature  were  measured  using  the  HP4140B 
picoampere  meter.  A  Delta  Design  model  2300  environment  chamber  was 
used  for  temperature  control,  which  can  regulate  temperature  from  -150  oC  to 
200  °C  by  using  liquid  nitrogen  as  coolant.  Temperatures  were  measured  with 
a  Fluke  8502A  digital  multimeter  via  a  platinum  resistance  thermometer 
mounted  directly  on  the  ground  electrode  of  the  sample  bolder.  The  rale  of 
temperature  change  is  fixed  at  3  oC/min  for  all  the  runs.  In  order  to  avoid  aging 
effect,  tfre  starting  temperature  is  set  at  160  °C  and  the  finishing  temperature  is 
-160  °C  in  all  the  dielectric  measurements. 

III.  RESULTS  AND  DISCUSSIONS 

In  order  to  separate  different  contributions,  the  study  was  carried  out  in  two 
steps:  first,  we  only  ctiange  the  surface  conditions  while  keeping  the  sample 
thickness  fixed,  then  we  change  the  thickness  for  each  type  of  surface 
conditions. 

3.1  Effects  of  surface  conditions 

Temperature  dependence  of  the  measured  dielectric  constant  and  loss 
tangent  for  7/68/32  are  shown  in  Fig.1  for  three  types  of  surfaces,  i.e.,  ground, 
polished  and  chemically  etched  respectively.  Near  the  dielectric  maximum 
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DIELECTRIC  CONSTANT  (10  ) 


Figure  1 

I 


Dielectric  constant  and  loss  tangent  vs  temperature  measured  at  1  kHz 
for  PLZT  7/68/32  hot  pressed  samples  with  three  different  surface 
conditions.  The  results  for  etched,  polished  and  ground  surfaces  are 
represented  by  thick,  thin  and  dashed  lines  respectively. 
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leniperature(Tinax  ^  140"C),  tlie  specimen  with  etched  surface  gives  the  highest 

dielectric  constant,  and  the  one  with  ground  surface(roughest  surface)  has  the 

lowest  dielectric  constant.  However,  it  has  been  noticed  that  the  higher  the 

dielectric  constant  of  tfie  ferroelectric  tfie  stronger  the  surface  effects,  below  50 

oC  the  dielectric  constants  are  almost  the  same  for  all  three  surface  conditions. 

This  anomalous  behavior  suggests  that  a  surface  layer  might  be  produced  by 

the  lapping  process,  which  has  different  dielectric  characteristic.  This  surface 

layer  is  about  0.1pm  to  2pm  thick*4  which  is  two  to  three  orders  of  m.  litui 

smaller  than  the  thickness  of  tfie  specimen  (200pm).  Therefore,  the  capacitance 

(oc  1/d)  of  the  surface  layer  is  very  large  compared  with  the  bulk  material. 

Considering  the  fact  that  the  surface  layer  is  a  capacitor  in  series  with  the  bulk,  it 

C  0 

contributes  very  little  to  t'le  observed  total  capacitance  Cm.  Cm  =  ^  - 

'-'s  + 

Cb,  when  Cs  »  Cb.  where  Cs  and  Cb  are  the  capacitance  of  tb''  '  'irfa*.e  layer 
and  the  bulk  respectively.  However,  vlien  tfie  dielectric  constant  Kb  becomes 
very  large  near  Tmax.  Cb  («  Kb)  becomes  comparable  to  Cs,  hence  according 
to  the  formula  for  two  capacitances  in  series,  the  total  capacitance  Cm  would 
reflect  strong  contributions  from  Cs-  Tfie  dielectric  losses  also  show  some 
differences  among  these  three  surfaces  (Fig.1).  Above  1 10  "C  the  .  e  the 
same,  but  below  Tniax  specimen  with  etched  surface  shows  the  highest  loss 
and  tfie  one  with  ground  surface  has  the  lowest  loss.  This  phenomena  may  also 
be  explained  by  tfie  existence  of  a  non-ferroelectric  surface  layer  and  will  be 
discussed  furtlier  below. 

Fig.2  is  the  temperature  depervi'^nce  of  the  dielectric  constant  and  the  loss 
tangent  for  PLZT  8/65  /35  (Tmax  is  ~  90'’  C)  with  both  etched  and  ground 
surfaces  at  tfiree  different  frequencies.  The  two  set  of  measurements  have 
been  conducted  on  the  same  sample,  i.e.,  after  the  measurements  were  done 
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with  the  ground  surface,  the  same  sample  was  etched  to  remove  the  lapped 
surface  layer  then  do  the  dielectric  measurements  again. 

Polishing  and  grinding  are  mechanical  processes,  two  consequences 
may  result  from  these  processes:  One  is  the  mechanical  damage  to  the  sample 
surface  which  creates  a  structurally  distorted  surface  layer;  the  other  is  the 
introduction  of  a  mechanical  stress  to  the  surface  of  thc'  jecimen,  the  nature  of 
this  stress  is  usually  a  two  dimensional  tensile  stress.^'*  In  order  to  study  how 
this  surface  stress  contributes  to  the  change  of  dielectric  properties,  we  have 
carried  out  pre-processing  and  post-processing  heat  treatment  for  the  samples. 
First,  all  samples  were  .mnealed  before  lapping  to  remove  the  bulk  stresses 
produced  during  material  proc^'^sing  and  cutting,  then  these  annealed  samples 
were  either  polished  or  ground,  and  finally  after  polishing  or  grinding,  some  of 
the  samples  were  annealed  again  to  remove  the  surface  stresses  produced 
from  lapping  process.  Dielectric  measurements  were  carried  out  on  all  of  these 
different  heat  treated  samples.  Typical  results  are  shown  in  Fig.3a  which  is  for 
PLZT  7/68/32.  We  can  see  that  i:  •  dielectric  consinnt  and  loss  tangent  are 
quite  different  for  the  samples  being  post-annealed  and  for  those  without  being 
post-annealed,  especially  close  to  the  dielectric  maximum  temperature  Tmax- 
One  can  see  that  the  dielectric  constant  becomes  larger  at  higher  temperature 
(>  40  °  C)  but  becomes  smaller  for  temperatures  below  40  "C  after  post¬ 
annealing  for  samples  with  polished  surfaces.  The  loss  tangent  is  also 
changed  by  the  post-annealing  for  the  polislied  sam|)!  ■,  it  becomes  larger  for 
temperatures  below  T„,ax  but  smaller  for  temperature  above  Tmax-  Fig  (3b)  lists 
the  results  before  and  after  post-annealing  respectively  for  sample  with  etched 
surface,  no  change  was  found  for  the  dielectric  properties  in  this  case  within  the 
experimental  error.  In  Fig.4  are  the  temperature  dependence  of  spontaneous 
polarization  and  pyroelecrtric  coefficient,  respective!  fore  and  after  post- 
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Figure  3 


miyured^a?  I  khfJtrl’Jhf ‘lo®  constant  and  loss  tangent 

T/fiftni  hnfnriJl  Ji  temperature  range  of  -60*C  -  170'C  for  PLZT 
7/68/32  hot  press®d  ceramic  specimens,  (a)  Results  for  samoles  with 
polished  surfaces,  (b)  Results  for  etched  samples  samples  with 
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POLARIZATION  (C/M*) 


Figure  4  Polarization  and  pyroelectric  coefficient  vs  temperature  for  polished  PL2T 
7/68/32  hot  pressed  ceramic  samples  with  and  without  post-annealino 
respectively.  ^ 
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PYROELECTRIC  COEFFICIENT  (C/M‘»C) 


annealing  for  a  sample  with  polished  surface.  One  can  see  that  both  quantities 
are  increased  by  the  post-annealing.  We  also  found  that  the  depolarization 
temperature  is  2  ”0  lower  for  the  post-annealed  samples  due  to  the  elimination 
of  surface  stress. 

Since  the  results  in  Figs.  3(a)  &  4  were  obtained  from  two  samples  of 
exactly  the  same  chemical  composition  and  geometry,  the  difference  shown  in 
in  the  figures  are  solely  caused  by  the  post-annealing,  in  other  words,  by  the 
elimination  of  surface  stresses  produced  during  lapping  process. 

3.2  Thickness  Dependence  of  Physical  Properties 

As  pointed  out  in  section  3.1,  the  surface  layers  produced  from  lapping  on 
the  PLZT  hot  pressed  ceramic  samples  will  contribute  to  the  measured  physical 
properties.  The  nature  of  these  layers  depend  only  on  the  preparation 
techniques,  it  should  not  change  with  tfie  sample  thickness.  From  this  argument 
and  the  fact  that  the  surface  layer  is  actually  a  large  capacitor  in  series  with  the 
bulk,  it  is  expected  that  the  surface  layers  should  contribute  more  to  the 
measured  physical  properties  in  thinner  sample  whose  capacitance  is 
comparable  to  the  surface  layer  capacitance  than  in  thicker  samples  whose 
capacitance  is  much  smaller  than  Cs-  This  is  indeed  the  case  observed  in  our 
experiments. 

In  order  to  quantify  the  surface  fayer  contributions,  we  have  studied  the 
influence  of  sample  thickness  to  the  measured  dielectric  properties.  The 
specimens  used  for  this  study  have  been  annealed  at  650  °C  for  1  hour  after 
polishing  to  relieve  the  surface  stress,  hence  the  effects  observed  on  these 
samples  are  mainly  due  to  the  non-ferroeleciric  nature  of  the  surface  layers.  As 
shown  in  Fig.5  (a)  the  measured  dielectric  constant  and  the  loss  tangent  for  a 
PLZT  8.4/65/35  decrease  with  decreasing  sample  thickness,  which  is  consistent 
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Figure  5 


Ternp^ture  dependence  of  dielectric  constant  and  loss  tangent  at  1  kHz 
/°\  PLZT  8.4/65/35  hot  pressed  specimens  of  different  thickness 

!Sth  elchSd  lurfS  (I’)  'or  samples 
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with  some  reported  results  on  other  ferroelectric  single  crystals^  *2,  Our  results 
show  that  the  lliickness  effect  is  not  very  obvious  until  the  sample  thickness  is 
below  200pm.  The  dielectric  maximum  reduces  about  30%  when  the  sample 
thickness  decreases  from  618  pm  to  99pm.  We  have  performed  the  thickness 
dependent  testing  experiments  in  several  compositions  of  the  PLZT  system, 
including  8/65/35,  8.6/65/35  and  9.5/65/35,  similar  results  as  in  Fig.  5  were 
obtained  for  all  of  these  compositions. 

It  may  be  intriguing  to  make  a  comparison  of  the  results  in  Figs.1  &5.  One 
finds  that  at  low  temperature  (  <  40  °C)  the  three  curves  (representing  the 
temperature  dependence  of  the  dielectric  constants  for  ground,  polished  and 
etched  surfaces)  in  Fig.1  merge  into  a  single  curve,  but  in  Fig.  5  the  thickness 
effect  does  not  completely  go  away  even  at  very  low  temperatures. 

A  simple  explanation  may  be  given  as  follows  for  the  thickness 
dependence  of  the  measured  dielectric  constant  values:  Lapping  produces  a 
thin  surface  layer  which  has  different  dielectric  characteristic.  This  surface  layer 
is  only  about  0.1 —  2  pm  in  thickness,  therefore,  the  capacitance  of  this  surface 
layer  is  very  large  although  its  dielectric  constant  may  be  relatively  low.  When 
the  sample  is  thick  {  >  200  pm),  the  capacitance  of  the  bulk  part  Is  much  smaller 
than  that  of  the  surface  layer,  so  that  the  measured  dielectric  constant  value  is 
very  close  to  the  true  value  of  the  bulk  interior.  As  the  thickness  of  the  sample 
decreases,  the  capacitance  of  the  bulk  becomes  more  and  more  comparable  to 
the  capacitance  of  the  surface  layer  so  that  the  measured  capacitance  is 
influenced  more  and  more  by  the  surface  layer.  At  temperatures  close  to  Tmax 
the  dielectric  constant  of  the  bulk  interior  becomes  very  large,  which  in  turn 
tnakes  the  capacitance  of  the  interior  very  large,  in  this  case  surface  layer  could 
contribute  substantially  to  the  measured  values.  Since  each  sample  consists  of 
two  surface  layers  and  the  bulk  interior  which  are  three  capacitors  in  series,  the 
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total  capacitance  and  hence  the  measured  dielectric  constant  should  decrease 
with  sample  thickness.  If  the  sample  Is  thin  enough  this  effect  will  not  vanish 
even  at  very  low  temperature.  Fig.  5  precisely  shows  this  characteristic. 

The  most  interesting  results  are  show  in  Fig.  5  (b)  which  are  for  samples 
with  cfiemically  etched  surfaces.  We  can  see  that  the  thickness  dependence  is 
completely  eliminated  even  for  sample  as  thin  as  41  pm!  Although  the  etched 
surface  is  rougher  than  the  polished  surface,  a  better  result  could  be  achieved 
with  those  etched  samples.  This  is  a  very  important  result  from  the  application 
standpoint  for  ferroelectric  ceramics.  Fig.  5  (b)  also  shows  that  there  is  a  slight 
increase  of  the  loss  factor  for  temperatures  above  Tmax.  which  may  be  due  to  the 
increase  of  DC  conductivity  in  some  of  the  samples  at  higher  temperatures. 

3.3  Model  for  Ferroelectric  Surface  Layer 

A  simple  theoretical  treatment  to  the  problem  is  to  consider  the  lapped 
surface  layer  to  be  a  homogeneous  dielectric  layer  which  has  different  dielectric 
nature  than  the  interior.  Each  sample  being  measured  is  a  sandwich  with  the 
PLZT  ceramic  in  between  two  such  surface  layers.  The  total  capacitance  Cj  of 
this  sandwich  structure  is 

1/CT=1/Cb+2/Cs  (1) 

where  Cb,  Cs  are  the  capacitances  of  the  bulk  interior  and  the  surface  layer, 
respectively.  We  have  shown  that  the  dielectric  constants  do  not  depend  on 
sample  thickness  for  those  samples  with  etched  surface,  therefore  results  on 
these  etched  samples  are  taken  to  be  the  bulk  values  in  our  calculations.  Cj  is 
the  measured  value  for  a  sample  with  lapped  surfaces.  The  surface  capacitance 
Cs  calculated  from  Eq.  (1)  for  both  ground  and  polished  samples  is  plotted  in 
Fig.6  as  a  function  of  temperature.  We  can  see  from  Fig.6  that  the  surface 
capacitance  is  a  linear  function  of  temperature  within  the  experimental  error.  In 
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the  measured  temperature  range,  -20  °C  —  160  °C,  the  surface  capacitances 
Cs®  and  Cs^  for  the  cases  of  ground  and  polished  surfaces  respectively  may  be 
expressed  by  the  following  linear  functions 

CsG=  (1.840  *10-31+0.30632)  pF/cm2  (2a) 

CsP=  (1.796*10-3  7+0.40979)  pF/cm2  (2a) 

One  can  see  from  Fig.  6  that  the  surface  capacitance  of  the  polished  sample  Cs^ 
is  consistently  larger  than  the  surface  capacitance  of  the  ground  sample  Cs®, 
which  may  be  explained  from  the  fact  that  the  mechanical  damaged  surface 
layer  is  thinner  for  the  polished  sample  than  for  the  ground  sample. 

An  important  point  should  be  mentioned  for  the  results  in  Fig.  6:  There  is 
no  peak  or  any  other  types  of  anomalies  observed  at  Tniax  ~  90°  C  for  the 
surface  capacitance!  This  result  provides  a  strong  support  for  the  non- 
ferroelectric  nature  of  the  surface  layer  even  below  Tmax-  It  has  been  reported 
that  a  surface  capacitance  of  ~0.5  pF/cm2  exists  for  polished  single  crystal 
barium  titanate  and  strontium  titanate,l*t4  which  is  in  the  same  order  of 
magnitude  as  our  results  in  Fig. 6. 

Because  the  thickness  is  much  smaller  than  the  lateral  dimensions  in  all 
our  samples,  it  is  quite  accurate  to  treat  them  as  plane  capacitors,  from  Eq.(1)  we 
have 

1/K,„=  1/Kb+(2ds/d)  (1/Ks).  (3) 

Where  Km,  Kb  and  Kg  are  the  measured,  bulk  and  surface  layer  dielectric 
constants  respectively,  d  and  dg  are  the  sample  thickness  and  the  surface  layer 
thickness.  The  plot  of  Km'^  versus  d-^  for  PI_ZT  8.4/65/35  with  polished  surface  is 
shown  in  Fig. 7  at  three  different  frequencies,  where  Km  is  the  dielectric  constant 
al  Tmax  (note  In  relaxor  materials  Tmax  and  Km  are  both  function  of  frequency). 
The  straight  lines  are  obtained  from  least  squares  fitting.  There  are  different 
intercepts  (Kb'l)  for  different  frequencies  which  are  due  to  the  dielectric 
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f 

I/Km 

2ds/Ks 

Ks 

Kb 

Kb 

(kHz) 

(intercept) 

(mm) 

(cal.) 

(cal.) 

(etched) 

1 

6.03e-5 

2.51  e-6 

120 

14634 

14660 

10 

6.96e-5 

2.G7e-6 

112 

14370 

14338 

100 

7.22e-5 

2.70e-6 

111 

13850 

13840 

dispersion  of  relaxor  inalerials.  The  fitted  parameters  are  listed  in  Table  1  for  ail 
three  frequencies.  In  addition,  the  bulk  dielectric  constants  calculated  from  these 
intercepts  are  given  in  Table  1,  which  agree  very  well  with  those  obtained 
directly  frotn  measurements  on  etched  samples  (  see  Table  1).  The  dielectric 
constants  of  the  surface  layer  listed  in  Table  1  are  calculated  n  the  slopes  < 
the  fitted  straight  lines  and  using  the  thickness  value  of  ds  =  0.15  pm  for 
polished  samples,  which  was  the  value  estimated  by  Jyomura  et  al.^'*  The 
typical  value  of  the  dielectric  constant  for  the  surface  layer  is  in  the  order  of  100, 
which  is  much  smaller  than  the  dielectric  constants  of  the  bulk  that  coiild  be 
more  tfian  1 5000  near  T,nax- 

Tfie  loss  tangent  can  also  be  separated  into  contributions  from  the  bulk, 
(tan5)b,  and  from  the  surface  layers,  (tan5)s,  respectively.  Based  on  the  surface 
layer  model,  the  total  measured  dielectric  loss  (tanS)m  niay  be  represented  by^'* 
(tan6)m  -(tan5)b=  [(tan5)s-(tan6)b]  /  ( 1  +C../2Cb)  (4) 

Below  Tniax  Ibe  bulk  is  in  ferroelectric  state,  (tan6)b  is  ge  due  iie 
contribution  from  hysterelic  domain  processes.  Since  the  surface  layer  is  in 
non-ferroelectric  state,  (tan6)b  is  usually  larger  than  (tan6)s,  hence  (tan5)s- 
(tan6)b  is  negative.  From  equation  (3)  one  concludes  that  (taM5)rn  is  smaller 
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than  (tan6)b,  which  explains  why  the  ground  and  polished  samples  appear  to 

have  lower  dielectric  loss  than  the  etched  samples  at  temperatures  below  Tmax 
(see  Figs.1  and  2). 

The  post-processing  heat  treatment  results  are  consistent  with  that  of 
Jyomura  el  who  found  that  a  two-dimensional  tensile  stress  of  about  5-15 
kbars  was  generated  on  sample  surface  during  lapping.  This  surface  tensile 
stress  can  reduce  the  total  effective  dielectric  constants,  polarization  and 
pyroelectric  coefficient ,  in  addition,  it  may  also  cause  the  increase  of 
depolarization  temperature,  similar  to  the  effects  of  compressional  stress  and 
hydrostatic  stress  on  ferroelectric  properties  reported  by  other 
investigators  •  0. 1 9.20 


IV.  SUMMARY  AND  CONCLUSIONS 

In  summary,  a  systematic  study  has  been  carried  out  on  the  effects  of 
surface  layer  In  PLZT  relaxor  ferroelectric  ceramic  system.  This  surface  layer  is 
produced  by  lapping  process,  its  thickness  Is  about  0.1-1  pm.  Our  results  show 
that  the  dielectric  constant  of  this  surface  layer  is  about  100  and  only  changes 
slightly  with  temperature,  no  dielectric  maximum  was  observed  at  Tmax  for  this 
surface  layer.  The  capacitance  of  this  surface  layer  is  very  large  and  change 
linearly  with  temperature  in  the  investigated  temperature  range  { -20  °C  —  160® 
C  )  from  0.2  pF/cm2  to  0.7  pF/cm^.  Since  the  surface  layer  and  the  bulk  interior 
are  capacitance  in  series,  the  large  surface  capacitor  can  show  its  effects  only 
when  the  interior  capacitance  becomes  comparable,  i.e.,  when  the  sample  is 
very  thin  (  <  200  pm  )  or  at  temperatures  close  to  Txam-  lo  addition  to  some 
degree  of  amorphism  in  this  surface  layer,  lapping  also  produces  a  two 
dimensional  tensile  stress  in  this  layer,  we  show  that  the  tensile  stress  can  be 
relieved  through  post-annealing.  It  is  found  that  the  surface  effects  can  be 
reduced  by  as  much  as  60 — 80  %  through  the  post-annealing. 
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One  of  the  tnost  encouraging  results  is  that  the  surface  effects  can  almost 
be  eliminated  through  chemical  etching  although  some  surface  roughness  may 
be  introduced.  In  a  real  application  one  may  chose  either  post-annealing  or 
chemical  etching,  or  may  even  the  combination  of  the  two,  to  eliminate  the 
surface  effects  depending  on  the  requirements.  Direct  application  of  as 
polished  thin  ceramic  sample  can  cause  substantial  degradation  of  many 
physical  properties. 

It  may  be  necessary  to  point  out  that  the  dielectric  properties  v/e  have 
reported  here  are  obtained  under  weak  electric  field,  it  is  conceivable  that  the 
effects  of  surface  layer  could  be  quite  different  under  strong  electric  field.  In  fact, 
we  have  already  noticed  that  the  coercive  field,  the  saturated  and  remnant 
polarizations  measured  from  hysteresis  loops  show  strong  sample  thickness 
dependence  even  in  etched  samples,  which  suggests  that  the  surface  layer 
from  lapping  may  not  be  important  under  strong  electric  field,  instead,  a  space 
charge  layer  may  form  at  the  metal  dielectric  interface.  We  will  not  address  the 
space  charge  layer  problem  in  Ifiis  paper. 
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ABSTRACT 

Electric  fatigue  is  a  major  obstacle  for  some  potendal  applications  of  ferroelectric 
materials  based  on  the  reversals  of  spontaneous  poiarizanon,  such  as  making  memory 
devices  and  actuators.  It  is  found  that  the  observed  fadgue  in  small  grain  ceramics  is  not 
intrinsic  but  significandy  related  to  the  surface  condidons.  Studies  on  hot  pressed  lead 
zirconate  dtanate  (PLZD  of  composiuon  7/68/32  show  that  the  fast  fadgue  is  actually 
caused  by  contaminated  surfaces  instead  of  intrinsic  structure  deterioradon  or  the  change  of 
domain  states.  All  the  specimens  with  conventionally  cleaned  surfaces  show  significant 
fatigue  after  10^  switching  cycles,  but  specimens  cleaned  with  a  new  cleaning  procedure 
did  not  fadgue  even  after  more  than  10^  switching  cycles.  The  fadgue  initiated  by  the 
surface  contamination  under  a  high  AC  field  is  explained  in  terms  of  the  degradation  of  the 
interface  between  ferroelectric  and  electrode,  which  leads  to  an  inhomogeneous  field 
distribution  causing  microcracking  in  the  ceramic. 
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L  INTRODUCTION 

Many  applications  of  ferroelectric  materials,  such  as  making  piezoelectric,  eiectro- 
opdcal  and  electrostrictive  devices,  involve  repeated  reversals  of  the  polarization.  One 
critical  limitation  on  the  performance  of  these  devices  is  the  fatigue  associated  with  repeated 
electrical  cycling.  Fatigue  mainly  refers  to  the  degradation  of  the  ferroelectric  properties 
with  respect  to  repeated  reversals  of  the  polarization,  which  appears  in  the  hysteresis  loop 
in  the  form  of  a  decrease  in  remnant  polarization(Pr)  or  saturated  poiahzation(P  m)  and 
often  accompanied  by  an  increase  of  the  coercive  field(Ec). 

In  1953,  Mcquarriel^J  first  reported  the  time  dependence  of  the  P-E  hysteresis  loop  in 
a  BaTiOs  ceramic.  He  found  that  after  several  weeks  of  switching  at  60  Hz,  the  square 
shaped  hysteresis  loop  was  changed  to  a  distinct  propeller  shape  with  some  obvious 
decrease  in  both  the  maximum  polarization  and  the  remnant  polarization.  Merz  and 
Andersonl^l  studied  fatigue  behavior  in  a  single  BaTi03  crystal,  a  gradual  reduction  of 
polarization  after  a  few  million  switching  cycles  was  observed  and  the  fatigue  behavior  was 
related  to  the  wave  patterns  of  the  electric  field(sine  wave  or  pulse  train  wave).  The  ambient 
atmosphere  had  an  effect  on  the  switching  stability  of  BaTiOs  single  crystall^l,  a  loss  of 
squareness  of  the  hysteresis  loop  was  found  when  the  crystal  was  switched  in  vacuum, 

N2,  H2,  or  He  gases,  and  the  deteriorated  hytercsis  loop  could  restore  its  original  shape 
under  AC  cycling  in  O2,  or  dry  air. 

Fatigue  experiments  were  also  carried  out  on  other  ferroelectrics  in  the  1960’s. 
Taylorl^^i  smdied  fatigue  phenomena  in  24  compositions  of  niobium-doped 
Pb(Zr,Sn,Ti)03  ceramics  and  discovered  that  the  fatigue  rate  depended  on  the  composition. 
However,  he  found  little  difference  in  fatigue  behavior  when  the  AC  electric  field  pattern 
was  changed  fhsm  a  sine  wave  to  a  pulse  train  wave.  A  mote  detailed  study  of  fatigue  was 
carried  out  by  Stewart  and  Cosentino  on  La  or  Bi  doped  PZT  ceramicsl^i,  they  showed  that 
the  polarization  decreased  rapidly  and  was  reduced  to  half  of  its  original  value  after  5x10^ 
switching  cycles.  They  concluded  that  the  patterns  of  electric  field,  the  types  of  electrodes. 
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and  the  ambient  conditions  had  no  significant  effects  on  the  fatigue  behavior.  Stewart  and 
Cosentinot^  also  reported  an  interesting  result  when  a  fatigued  sample  was  heated  above 
the  paraelectric-ferroelectric  phase  transition  temperature  Tc,  the  fatigued  properties  could 
be  restored.  Contrary  to  Stewart  and  Cosentino,  Fraser  and  Maldonado^^l  also  studied  the 
same  La  doped  PZT  ceramics  and  reported  significant  effects  of  the  electrodes.  They  found 
that  when  indium  was  used  as  electrode  material  instead  of  gold  or  silver,  there  was  still 
85%  of  the  original  remnant  polarization  left  after  10®  switching  cycles,  but  fatigue 
occurred  much  faster  when  using  lead,  aluirunum,  gallium,  silver  and  gold  as  electrode 
material.  CarU^i  observed  significant  degradation  in  the  La  or  Mn  doped  PbTi03  ceramics, 
after  only  a  few  thousand  switching  cycles  the  polarization  dropped  to  30%  of  its  original 
value  together  with  some  increase  of  the  coercive  field,  and  some  cracks  were  also 
observed  on  the  surfaces  of  the  samples  under  SEM. 

Although  the  fatigue  phenomena  in  ferroelectrics  have  been  smdied  for  over  thirty 
years,  its  origin  is  still  not  clear.  Some  possible  causes  of  the  fatigue  under  high  AC  field 
are:l)  the  gradual  reorientation  of  domains  into  a  more  stable,  i.e.  minimum  energy 
configurational  18] ;  2)  injection  of  charge  carriers  into  the  ferroelectrics  which  provide 
pinning  for  domain  wall  movementl®!  ;3)  structural  inhomogeneity  which  produces  traps 
for  the  domain  walls,  which  can  reduce  the  domain  wall  mobilityl^l^l;  4)  the  appearance  of 
microcracking  caused  by  the  large  change  of  strain  during  switchingl'^llil. 

Despite  the  fact  that  the  fatigue  effect  is  the  key  factor  which  prevents  some  potential 
applications  of  ferroelectrics,  only  a  limited  number  of  papers  have  been  published  on  this 
subject.  In  addition,  these  published  results  by  different  investigators  are  often  in 
contradiction,  and  there  are  no  explanations  for  these  discrepancies.  Therefore  a  systematic 
study  on  this  subject  is  needed  in  order  to  understand  the  origin  and  mechanism  of  fatigue 
behavior.  We  report  here  an  extensive  study  of  the  fatigue  behavior  on  La  doped  lead 
zirconaie  titanate(PLZT)  ceramic  system.  The  reason  for  choosing  PLZT  ceramic  system  is 
because  its  relatively  low  coercive  field,  large  polarization  and  square  shaped  hysteresis 
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loop.  Moreover,  hot  pressed  PL2rr  ceramics  are  transparent,  therefore  have  potcntiai 
applicariona  in  non-volatile  memory,  electro-oprical,  and  elctrostricdve  devices.  In  this 
paper,  the  focus  will  be  on  the  effect  of  surface  contamination  on  the  farigue  behavior.  We 
believe  that  different  surface  conditions  was  one  of  the  main  reasons  for  the 
inconsistencies  of  those  reported  experimental  results. 

n.  EXPERIMENT  PROCEDURES 

Lanthanum  doped  lead  2drconate  titanate  ceramic  specimens  were  fabricated  from 
mixed  oxides  by  hot  pressing  technique.  The  composition  used  in  this  study  is 
Pbo.93Uao.07(Zro.68Tio.32)o.982503.  Conventionally,  this  formula  is  simplified  to  a  form 
7/68/32  according  to  the  mole  ratio  of  La/Zr/n.  The  average  grain  size  is  about  S^m.  At 
room  temperature  7/68/32  is  in  rhombohedral  phase.  Samples  were  first  cut  into  platelets 
with  the  areas  of  about  10  mm^  and  thicknesses  in  the  range  of  150-300pm,  then  annealed 
at  600  °C  for  1  hour  to  release  the  mechanical  stress  generated  during  cutting,  grinding  and 
polishing  processes. 

Three  different  surface  conditions  were  prepared:  a)  ground  by  3^im  abrasive,  b) 
polished  by  l^irn  diamond  paste,  c)  etched  in  H3PO4  acid  for  2  minutes  at  140oC.  In 
conventional  cleaning  procedure,  organic  solvents  (alcohol  or  acetone)  are  used  to  rinse  the 
samples  and  then  the  samples  are  dried  in  air  at  room  temperature.  An  improved  cleaning 
method  used  in  our  experiments  is  described  as  follows:  first  the  samples  are  cleaned  by 
conventional  procedure,  then  they  are  further  cleaned  ultrasonically  in  solvent,  and  finally 
the  samples  are  heated  in  a  furnace  for  1  hour  at  500-600OC.  Gold  electrodes  were 
sputtered  onto  the  sample  surfaces. 

The  properties  studied  here  are  the  remnant  polarization  Pf,  the  maximum  polarization 
Pm,  coercive  field  Ec,  and  the  dielectric  constant  E  in  depoled  state.  High  voltage  sine  wave 
AC  field  was  used  to  switch  the  polarization,  and  the  hysteresis  loops  were  measured 
though  a  conventional  Sawyer-Tower  circuit  and  a  Nicolet  214  digital  oscilloscope.  The 
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temperature  dependence  of  dielectric  constant  was  measured  by  Hewlett  Pacakard  4274A 
LRC  meter,  and  the  temperature  was  measured  using  a  Fluke  8502A  digital  multimeter. 
The  heating  rate  was  set  at  3  oOmin. 

m.  RESULTS  AND  DISCUSSION 

3.1  Fatigue  in  PLCT  Specimens  Cleaned  by  Conventional  Procedure. 

In  order  to  compare  the  results  from  different  specimens  and  to  emphasize  the 
changes  of  the  measured  properties,  relative  polarization  and  coercive  field  are  used  in  this 
paper,  they  represent  the  percentages  of  the  polarization  and  coercive  field  with  respect  to 
the  initial  polarization  and  coercive  field  obtained  at  10^  or  l(fi  switching  cycles.  Fig.l 
shows  the  typical  results  obtained  from  specimen  cleaned  by  conventional  procedure.  The 
AC  field  was  kept  at  only  10  Hz  in  order  to  avoid  heating  effect  One  can  see  that  the 
fatigue  started  at  about  10^  switching  cycles,  and  proceeded  very  rapidly  between  10^  -lO'^ 
cycles.  The  polarization  Pf  dropped  to  a  value  below  40%  of  the  initial  values  after  10^ 
switching  cycles.  The  changes  of  the  saturated  polarizations  which  were  not  show  here 
have  similar  behavior  as  that  of  the  remnant  polarization  Pf.  Fig.2(a)  and  2(b)  are  typical 
hysteresis  loops  before  and  after  the  fatigue  test,  respectively,  from  a  sample  with  polished 
surfaces.  The  coercive  fields  Ec  also  increased  with  switching  cycles.  There  is  a 
correspondence  between  the  changes  of  Ec  and  Pf,  i.e.,  while  the  polarization  decreases, 
the  coercive  field  Ec  inccases,  which  is  consistent  with  the  results  obtained  by  other 
researchers.I^Jt^t^  It  is  noticed  that  the  ground  sample  fatigued  earlier  and  faster  than  the 
samples  with  polished  and  etched  surfaces.  The  same  experiments  were  also  carried  out 
using  sine  wave  field  at  the  frequencies  of  l(X)  Hz  and  200  Hz,  no  apparent  difference 
were  observed.  Fig.3(a)  and  (e)  show  the  weak  field  dielectric  constant  as  a  function  of 
temperature  for  a  sample  with  polished  surfaces  before  and  after  the  fatigue  test 
respectively.  One  can  see  a  substantial  decrease  of  the  dielectric  constant  in  the  fatigued 
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Th«  Relative  Coercive  Field  The  Relative  Remnaat  Polarization 


Fig.  I  (a)  The  changes  of  relative  remnant  polarization  Pr  with  switching  cycles,  and  (b) 
the  changes  of  the  relative  coercive  Field  Ec  with  switching  cycles,  at  a  frequency  of 
10  Hz  for  the  conventionally  cleaned  PLZT  7/68/32  specimens. 
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Fig.2  (a)  and  (b)  are  the  typical  hysteresis  loops  after  10^  and  3*  106  switching  cycles 
respectively  for  a  conventionally  cleaned  PLZT  7/68/32  sample  with  ground 
surfaces  at  a  frequency  of  10  Hz. 
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Dielectric  Constant 


Fig. 3  Temperature  dependence  of  the  dielectric  constant  for  a  conventionally  cleaned 

sample  with  polished  surfaces,  (a)  Fatigued  sample;  (b)  fatiqued  sample  after  heat 
treatment  at  300  for  3  hours,  (c)  fatiqued  sample  after  heat  treatment  at  600 
for  1  hour,  (d)  a  15  iim  thick  layer  was  ground  off  from  each  side  of  the  sample, 
(e)  results  from  a  virgin  non-fatigued  sample. 
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sample.  Samples  with  the  other  two  types  of  surfaces  have  similar  results  which  are  not 
show  here. 

3.2  Fatigue  in  PLZT  Specimens  Cleaned  by  Improved  Procedure. 

Fig.4  shows  the  changes  of  the  polarizadon  and  coercive  field  with  switching  cycles 
for  samples  cleaned  by  improved  procedure.  The  experiments  were  carried  out  at  a 
frequency  of  100  Ht.  Samples  with  all  the  three  types  of  surfaces  did  not  show  any  fatigue 
even  after  10*  switching  cycles.  We  can  see  dtis  more  clearly  from  the  two  hysteresis  loops 
in  Fig.5,  which  were  re  Jorded  at  10^  and  2  xlO*  switching  cycles  in  a  ground  sample,  the 
same  results  were  also  obtained  from  samples  with  the  other  two  types  of  surfaces.  This  is 
a  very  important  finding  which  leads  to  much  deeper  understanding  on  the  nature  of  the 
fatigue  behavior  in  ferroelectrics.  We  can  conclude  from  these  experimental  results  that  the 
fatigue  shown  in  Fig.l  is  purely  extrinsic,  i.e.,  caused  by  dirty  surfaces.  The  actual  lifetime 
of  PLZT  7/68/32  ceramics  with  grain  size  less  than  5  |am  is  much  longer  than  that  shown  in 
Fig.l.  We  can  also  conclude  that  the  surface  roughness  does  not  change  the  fatigue 
characteristic  of  a  ceramic  (Fig.4)  but  the  surface  preparations  have  significant  effects  on 
the  observed  fatigue  behavior  due  to  the  organic  contaminants  being  trapped  at  the  ceramic- 
electrode  interfaces,  because  a  large  electric  field(  15-40  kv/cm)  is  constantly  applied  on  the 
sample  during  switching  experiments,  which  will  interact  with  the  contaminates.  We  will 
elaborate  this  point  in  the  following  section. 

Although  these  experimental  results  can  not  be  used  as  a  proof  to  discredit  the 
validity  of  other  previous  explanations  on  fatigue  in  terms  of  internal  domain  behavior,  we 
can  at  least  conclude  that  the  fatigue  in  fine  grain  PLZT  7/68/32  is  caused  by  the  ceramic- 
eleccrode  interface  as  shown  in  Fig.6,  which  can  be  eliminated  with  an  improved  cleaning 
procedure  described  in  this  paper.  This  finding  is  very  encouraging  for  many  prospective 
applications  of  ferroelectrics. 
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Fig.4.  (a)The  relative  polarization,  and  (b)  the  relative  coercive  field  versus 


switching  cycles  for  a  specimen  cleaned  by  improved  procedure  at  a  frequency  of 


100  Hz. 
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Fig.5  Typical  hysteresis  loops  of  a  sample  cleaned  by  improved  procedure  at  a  frequency 
of  100  Hz.  (a)  after  10^  switching  cycles,  (b)  after  2  •  10*  cycles. 


The  RcUlive  Remount  Puiuruutiuo 


3.3  Fadgve  Originated  from  Surface  Contamination. 

A.  Deterioraiion  of  the  ferroelectric-electrode  interface  under  high  AC  fi'jld. 

In  fatigue  experiments  the  possible  sources  of  contaminants  are;  abrasive  residue 
from  grinding  process;  residue  of  solvents(water,  alcohol  or  acetone);  water  in  the  air; 
residue  of  the  bonding  glue  from  cutdng  process;  skin  grease  from  finger  touch.  Without 
funher  cleairing  these  contaminants  are  left  on  the  surfaces  of  specimens,  being  sandwiched 
between  the  sample  surface  and  the  electrode,  producing  a  poor  interface  contact.  The 
effects  of  solvents  and  skin  grease  were  further  examined  in  the  following  experiments. 
First,  the  samples  were  etched  by  H3PO4  acid  to  remove  the  abrasive  residues  and  skin 
grease,  then  the  following  surface  treatments  were  given  to  three  different  samples: 

a)  sample  I  was  washed  by  water  and  acetone,  then  rubbed  both  surfaces  by  fingers; 

b)  sample  2  was  washed  by  water  and  acetone,  then  let  it  dry  in  the  air, 

c)  sample  3  was  washed  by  water  and  acetone,  then  heat  treated  in  a  furnace  at  500  °C 

for  1  hour  (free  from  contaminadon). 

Fig.7  shows  the  results  from  fatigue  tests  on  these  samples  using  a  100  Hz  sine  wave 
AC  field.  The  remnant  polarizadon  of  sample  3  did  not  decrease  at  all  after  10®  switching 
cycles,  only  Ec  increased  slightly.  (In  the  etched  samples  Ec  shows  slight  increase  at  the 
beginning  and  then  becomes  stable).  Pr  of  sample  2  fatigued  to  85%  of  its  inidal  value  after 
10®  switching  cycles  and  Ec  increased  about  18%.  Sample  1  was  the  worst  among  the  three 
samples,  its  Pr  reduced  to  30%  of  the  initial  value,  and  Ec  increased  50%  after  only  2  xlO^ 
cycles.  Since  the  three  samples  only  differ  in  surface  treatments,  these  discrepancies  in 
fadgue  results  could  only  be  explained  in  terms  of  the  different  degree  of  surface 
contaminadon.  We  can  now  understand  why  the  fadgue  rate  was  faster  for  the  ground 
sample  than  samples  with  the  other  two  type  of  surfaces  as  shown  in  Fig.  1,  because  of  the 
surface  roughness,  the  ground  sample  was  contaminated  the  most  in  the  convendonal 
preparadon  process. 
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The  Relative  Coercive  Field  The  Relative  Polarization 


Fig. 7  Tlic  contamination  effects  on  the  fatigue  behavior.  Sample  1  was  contaminated  by 
solvent  and  skin  grease;  sample  2  was  contaminated  by  solvent;  sample  3  was 
cleaned  by  improved  procedure. 
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Although  the  experiments  cleariy  indicate  that  the  fadgue  is  initialized  at  the  interface 
between  the  surface  and  electrode,  the  actual  mechanism  is  sdll  not  clear  yet  because  the 
reacdons  of  organic  contaminants  under  high  AC  field  at  the  interface  are  very  complicated. 
A  few  possible  explanadons  for  what  might  have  happened  at  the  interface  are:t^2][i3]  i) 
electrochemical  reacdon,  such  as  ionizadon  of  contaminants,  reduction  of  the  chemical 
composition  near  the  sample  surface;  2)  corona,  high  voltage  can  ionize  water  and 
organics,  causing  partial  discharge  which  leads  to  a  time  related  continuous  degradation  of 
the  dielectric  property;  3)  contact  deterioration  effect,  residue  of  solvents  and  skin  grease 
prohibit  a  direct  contact  of  the  metal  electrode  with  the  sample  surface,  resulting  a  poor 
contact  When  a  poor  contact  occurs,  a  large  field  is  applied  to  the  contaminant  layer  which 
has  much  smaller  dielectric  constant  than  the  sample,  causing  electrochemical  reaction, 
resulting  a  partial  failure  of  the  contact  which  then  lead  to  an  inhomogeneous  field 
distribution,  this  field  inhomogeneity  in  turn  initiates  the  microcrackings  in  the  specimen. 
Among  the  three  factors,  the  third  one  may  be  the  most  important. 

B.  The  nature  of  the  fatigue  by  surface  contamination. 

From  previous  discussions  it  is  no  doubt  that  the  fatigue  was  initiated  at  the  sample 
surfaces.  Next  question  we  want  to  ask  is  whether  the  fatigue  behavior  only  reflects  surface 
damage  or  it  also  indicate  interior  failure.  To  answer  this  question  we  have  measured  the 
bulk  dielectric  constant  as  a  function  of  temperature  for  the  fatigued  sample  at  a  frequency 
of  1  kHz,  the  results  are  shown  in  Fig.3  curve  (a).  The  maximum  temperature  in  the 
measurement  was  190  which  is  above  the  Curie  temperature(130  for  PLZT  7/68/32). 
Compared  with  the  results  measured  before  fatigue  test,  curve  (c)  in  Fig.3,  we  can  see  a 
drastic  decrease  of  the  dielectric  constant  especially  close  to  the  Curie  temperature  region. 
Different  heat  treatments  were  applied  to  this  fatigued  sample  to  sec  if  the  fatigued  sample 
could  be  repaired.  Curve  (b)  in  Fig.3  is  the  temperature  dependence  of  the  dielectric 
constant  measured  after  the  fatigued  sample  went  through  a  heat  treatment  at  300  °C  for  3 
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hours,  only  partial  iccoveiy  was  achieved.  The  sample  then  experienced  further  heat 
treatment  at  600  OC  for  1  hour,  further  improvements  were  observed  as  shown  in  curve  (c) 
of  Fig.3,  but  the  dielectric  constant  still  did  not  recover  to  its  initial  value,  which  means  that 
part  of  the  damage  is  permanent.  In  order  to  investigate  the  depth  of  the  damage  from 
surface  initiated  fatigue.  ±e  sample  was  then  ground  off  a  15  jim  thick  layer  from  each 
surface  and  re-electroded  using  sputtering  technique.  The  measured  results  are  shown  in 
curve  (d)  in  Fig.3,  no  further  improvement  was  achieved  which  indicates  that  the  fatigue 
damage  has  propagated  to  the  interior  of  the  sample. 

The  high  field  properties,  i.  e..  the  remnant  polarization  Pr  and  the  coercive  field  Ec, 
were  also  measured  after  each  heating,  re-electroding,  and  thinning.  The  results  are  listed  in 
Table  1.  One  can  reach  the  same  conclusion  as  for  the  weak  field  dielectric  measurements 
from  the  results  in  Table  1.  We  conclude  from  this  study  that  the  fatigue,  although  started  at 
the  ceramic-electrode  interface,  has  caused  permanent  damage  to  the  whole  body  of  the 
sample,  thermal  treatment  can  only  achieve  partial  recovery. 

Previously,  fatigue  in  feiroelectrics  was  explained  as  due  to  the  stabilization  of 
domain  walls.t^Jt^^t*^  The  fatigue  caused  by  domain  pinning  usually  can  be  recovered  by 
heating  the  samples  to  paraelectric  phase.l^ltSJ  in  our  experiments,  total  recovery  did  not 
occur  even  after  the  fatigued  sample  has  been  heated  to  as  high  as  600  oC  which  is  470 
higher  than  the  Curie  temperature.  Therefore,  the  fatigue  we  have  observed  could  not  be 
due  to  the  domain  wall  pinning,  instead,  we  believe  that  the  intergranular  microcracking  is 
responsible  for  the  non-recoverable  fatigue  initiated  by  surface  contamination.  Scanning 
Electron  Microscopy  was  performed  on  a  fatigued  sample(Fig.8  a)  and  non-fatigued 
sample(Fig.8  b)  with  ground  surfaces.  The  samples  were  etched  using  H3PO4  acid  to 
remove  gold  electrodes.  On  the  micrographs  in  Fig.8,  we  can  see  some  of  the  grinding 
damages  and  etch-pits  for  the  non-fatigued  sample,  while  for  the  fatigued  sample  we  see  a 
lot  of  grains  without  grinding  damages  and  etch-pits.  This  means  that  a  whole  layer  over 
these  grains  was  peeled  off  during  etching,  which  indicates  that  the  bonding  between 
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grains  was  weakened  during  fadgue  test  In  addidon,  some  cracks  around  grain  boundaries 
are  clearly  visible  in  Rg.8  (a),  but  no  large  cracks  were  observed  either  on  the  surfaces  or 
on  the  cross  secdon  of  the  fadgued  sample. 

Poor  contact  between  ceramic  and  electrode  can  cause  non-uniform  field  distribudon 
as  shown  in  Fig.9.  The  highest  field  concentradon  occur  at  the  edges  of  the  contaminates  as 
indicated  by  the  letters  A,  B,  and  C  on  the  figure.  Qiemical  reacdons  will  happen  in  the 
contaminates  under  high  field,  which  will  destroy  the  intimate  contact  between  the  electrode 
and  the  ceramic,  causing  the  effecdve  applied  field  strength  in  the  underneath  ceramic  to 
become  smaller.  One  can  refer  to  the  schemadc  drawing  of  the  field  flux  lines  in  the  figure 
to  understand  the  physical  picture.  Because  feiroelectrics  are  both  piezoelectric  and 
electrostricdve,  large  strain  is  generated  during  switching.  In  PLZT  ceramics  the  field 
induced  strain  can  be  as  large  as  0. 1%  or  more.l^‘*J  When  the  deterioradon  of  the  interface 
occurred  during  fadgue  experiment  the  regions  under  good  contact  with  the  electrode  were 
under  larger  field,  while  the  regions  under  deteriorated  interface  effectively  experience 
much  smaller  field,  hence  these  two  regions  can  not  be  switched  simultaneously,  which 
generate  stress  concentrations  at  the  boundaries  between  the  switched  regions  and  the  non- 
switched  regions.  As  we  know  that  the  grain  boundaries  have  weaker  mechanical  strength 
than  that  of  the  grains,  intergranular  microcracking  could  be  produced  by  these  stress 
concentrations,  which  initiates  the  fadgue  behavior.  Optical  micrograph  of  a  fatigued 
sample  shows  that  this  is  indeed  the  situation  (see  Rg.lO).  The  micrograph  was  taken 
from  a  fadgued  sample  after  the  electrodes  being  carefully  removed,  we  found  that  some  of 
the  regions  were  changed  from  transparent  to  opaque,  but  some  regions  remain  to  be 
transparent  The  darkness  represents  the  degree  of  damages  in  the  sample,  in  general,  the 
worse  is  the  fatigue  the  less  are  the  transparent  regions.  Using  this  microcracking 
mechanism  one  can  explain  reasonably  well  the  results  in  Table  1. 

Based  on  the  discussions  above,  we  suggest  that  the  fatigue  initiated  by  surface 
contamination  in  hot  pressed  PLZT  7/68/32  ceramics  is  though  microcracking  at  the 
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Table  I  Gnxpaiison  of  the  remnant  polaruadon  and  the  coercive  field  for  a  PLZT 1161121 
sample  before  and  after  fadgue,  and  after  headng,  re-electroding  and  thinning  treatments. 


l^emnant  Polarizadon 
(Uc/cm2) 

Before  fadgue 

27.0 

5.0 

After  fadgue 

6.0 

6.8 

After  190  °C  headng 

11.5 

8.0 

After  300OC  headng 

19.2 

10.4 

After  600  °C  heating 

22.4 

7.3 

After  removal  of  15um  from  each  side 

22.5 

7.2 
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Fig.IO  Optical  micogragh  taken  from  a  fatigued  sample.  The  darkness  indicates  the  degree 
of  mechanical  damage  or  stress  concetrations.  The  transparant  regions  are  non- 
fatigued  portions  still  left  in  the  sample. 


boundaries  of  the  switched  and  non-switched  regions  near  the  ceramic-electrode  interface, 
which  extends  quickly  into  the  interior  of  the  ceramic. 

rv,  SUMMARY  AND  CONCLUSIONS 

A  systematic  study  has  been  carried  out  on  the  influence  of  surface  conditions  on  the 
fatigue  behavior  of  hot  pressed  PLZT  7/68/32  ceramics  with  grain  size  less  than  5)im.  It  is 
found  that  the  observed  fatigue  which  occurred  within  10^  switching  cycles  is  actually 
caused  by  surface  contamination.  These  surface  contaminates  cause  deterioration  of  the 
contaa  between  ferroelectric  and  electrode,  resulting  an  inhomogeneous  field  distribution  in 
the  specimen  inducing  microcrackings  at  the  grain  boundaries.  The  applied  field  then  will 
be  concentrated  across  those  cracks  parallel  to  the  electrode,  which  effectively  raise  the 
coercive  field  and  lower  the  polarization.  The  conventional  cleaning  method  is  proved  to  be 
not  appropriate  for  specimens  used  under  high  AC  field.  This  surface  contamination 
initiated  fatigue  can  be  eliminated  though  an  improved  surface  cleaning  procedure,  our 
results  show  that  the  ferroelectric  properties  of  PLZT  7/68/32,  such  as  the  polarization  and 
the  coercive  field,  can  be  preserved  for  more  than  10*  switching  cycles  if  the  surfaces  are 
cleaned  properly,  which  is  a  very  encourage  finding  for  some  potential  applications  based 
on  the  polarization  reversals. 

Contrary  to  some  reported  results.^^lWl  we  found  that  the  fatigue  damages  are 
permanent  and  are  throughout  the  entire  sample.  The  fatigued  properties  i.e.,  the  reduction 
of  the  polarization  and  the  dielectric  constant,  and  the  increase  of  the  coercive  field  can  be 
partially  recovered  though  thermal  treatment,  however,  a  complete  recovery  is  not  possible. 

At  last  we  like  to  point  out  that  the  results  obtained  here  are  applicable  only  for  small 
grain  ceramics,  the  fatigue  mechanism  in  large  grain  systems  is  completely  different.ll5] 
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ABSTRACT 


In  all  ceramic  piezoelectric  and  electrostrictlve  actuator  materials,  the  basic 
mechanism  coupling  electric  and  elastic  properties  Is  electrostrlctlon  l.e.  the  strain 
xy  Is  related  to  the  components  of  the  Polarization  Pk^i  by  the  relation: 

Jqj  =  Qkll)  PkPl 

where  the  Quij  are  electrostrlctlon  constants  In  polarization  notation.  For  the 
dKTerent  piezoelectric  and  electrostrictlve  ceramics.  Pk  and  Pi  may  be  made  up  of 
combinations  of  spontaneous  and  induced  polarizations  and  changes  of  P  can  also  be 
effected  by  both  domain  and  by  phase  changes.  In  all  perovsklte  structure  based 
systems  however  the  Qidtj  are  'proper*  constants  (not  morphlc)  and  do  not  change 
widely  within  a  given  composition  family.  Thus  It  Is  clear  that  to  achieve  latge  shape 
change  (strain)  it  is  essential  to  be  able  to  induce  large  changes  in  polarization. 

We  have  demonstrated  In  earlier  studies  (1)(2)  that  in  Lead  lanthanum  zlrconate 
tltanate  (PLZT)  family  of  ceramics  at  compositions  which  are  In  the  spin  glass  phase 
at  room  temperature,  large  polarization  changes  and  large  strain  changes  can  be 
Induced  by  a  nano  to  macrodomain  phase  change  driven  by  electric  field. 

For  PZLTs.  the  fatigue  effects  which  occur  in  all  high  strain  systems  and  limit  the 
number  of  useful  strain  cycles  driven  are  particularly  accessible  to  study.  In  this 
work  we  demonstrate: 

(I)  That  Initial  fatigue  which  occurs  in  the  composition  7  :  68  :  32  at  ->10^  cycles  Is 
due  to  Improper  electrodlng  procedures. 

(II)  That  in  hot  pressed  transparent  ceramics  of  the  same  compositions  with  grain 
size  less  that  5  pm  and  no  visible  pores  or  micro  voids,  there  is  not  fatigue  for 
-10®  cycles  of  strain  up  to  0.4%. 

(III)  For  a  similar  composition  which  is  not  hot  pressed  and  contains  a  normal 
ceramic  pore  distribution  (p  actual/p  theoretic^  -  97  to  98%)  fatigue  sets  in  at 
-10*  to  10®  cycles. 

(Iv)  In  large  grain  samples,  a  different  failure  mechanism  occurs  due  to  the 
development  of  micro-cracks  which  evolve  into  macro-cracks  rupturing  the 
sample. 


DUTerent  composlUons  of  PLZT  and  of  Lead  Magnesium  Niobate  :  lead  tilanate 
solid  solution  show  micro  to  macrodomain  transition  down  to  liquid  nitrogen 
temperature.  Evidence  for  strain  and  fatigue  effects  In  these  materials  will  also  be 
presented. 

(1)  INTRODUCTION 


To  describe  the  electro-elastic  interactions  in  Insulating  crystalline  dielectric 
materials  it  Is  customaiy  to  use  the  phenomenological  equations  involving  the 
piezoelectric  and  electrostilctlve  deformations  induced  by  electric  fields  In  the  form 


xjj  =  Sy)(p4(l  +  dfoy^  +  gmnlj^m^ 


where  xm 

EinEn 

Sijkl 

dmlj 

SmnlJ 


are  components  of  the  Induces  strain 
components  of  the  applied  electric  field 
components  of  the  applied  electric  field 
the  elastic  compliance  tensor 
the  piezoelectric  tensor 
the  electrostrlctlon  tensor. 


(1) 


In  Simple  linear  dielectrics,  alternative  forms  may  be  written  transposing  stress 
and  strain,  polarization  and  field  and  all  constants  are  related  by  simple 
transformations.  For  the  nonlinear  ferroelectric  related  dielectrics  which  are 
essential  for  achieving  high  strain  behaviour  the  relation  between  E  and  P  is  highly 
nonlinear,  often  hysteretlc  and  the  "constants”  dmlj  and  gmnlj  are  strong  functions 
of  both  field  and  temperature.  In  such  materials  ^sterns  It  Is  simpler  to  describe  the 
elasto-dielectrlc  behaviour  using 


Xjj  =  sijid^  -  bnii)Pm  *  Qmnljf’mf’n 


(2) 


where  Pm.  Pn 
t>mlj 
Omni) 


are  components  of  electric  polarization 

the  piezoelectric  tensor  now  in  polarization  notation 

the  electrostrlctlon  tensor  again  In  polarlzaUon  form. 


In  both  equations  (1)  and  (2)  the  Einstein  summation  convention  is  assumed.  For 
(2)  however,  the  coefficients  b  and  Q  are  now  found  to  be  largely  Independent  to 
temperature  and  to  have  similar  values  in  the  same  structure  families. 

For  bulk  samples,  the  polarization  levels  which  can  be  induced  by  realizable 
electric  fields  below  dielectric  breakdown  are  such  that  even  in  very  high  permittivity 
ferroelectric  or  paraelectrlc  dielectrics  the  constants  b  and  Q  do  not  permit  the 
Induction  of  strains  much  above  3  10'^.  In  ferroelectric  crystals  however, 

spontaneous  polarizations  occur  which  are  order  to  magnitude  larger  and  in  some 
cases  induce  strain -1.5. 10"^. 

In  looking  for  new  electro-elastic  actuators  which  can  control  strains  much  larger 
than  conventional  piezoelectric  and  electrostrlctlve  ceramics  it  Is  then  natural  to 
look  for  materials  in  which  Ps  the  spontaneous  polarization  can  be  controUed. 

In  earlier  studies  (1)(2)  two  different  types  of  phase  switching  actuators  were 
demonstrated. 


Systems  which  could  be  switched  by  electric  field  from  antlferroelectrlc 
(P=0)  to  strong^  srroelectrlc  (P  =  Ps)  Inducing  strains  up  to  0.8%. 


•  Compositions  In  the  lead  lanthanum  zlrconate  tltanale  (PL2rr)  family  which 
settle  Into  a  spin  glass  slate  (P  =  0)  at  the  working  temperature,  but  can  be 
switched  to  a  ferroelectric  state  (P  =  Ps)  which  induced  strains  up  to  0.5%. 

For  all  fenolc  systems,  whether  ferroelectric,  ferroelastlc  (shape  memory)  or 
ferromagnetic  where  large  strains  are  switched  by  inducing  or  reorienting 
spontaneous  strain,  there  must  be  concern  as  to  {josslble  mechanisms  which  may 
degrade  performance  on  repeated  actuations,  problems  which  may  stem  from  a 
number  of  dlflerent  causes  but  are  often  lumped  together  under  the  heading  of  fatigue. 

It  Is  the  purpose  of  this  paper  to  summarize  work  on  fatigue  mechanisms  In  high 
strain  phase  switching  actuators  which  has  been  carried  on  the  Materials  Research 
Laboratory  at  Penn  State  over  the  last  four  years. 

(2)  STUDIES  OP  FATIGUE  IN  FLZT  PHASE  SWITCHING  CERABHCS 

Previous  studies  of  high  strain  actuators  have  explored  compositions  In  the  PL2T 
system  chosen  near  to  the  morphotroplc  phase  boundary.  In  describing  the  PLZT 
compositions  it  has  become  conventional  to  use  the  notation  X/Y/Z  where  Y/Z  is  the 
ratio  of  the  mole  fraction  of  zlrconia  to  tltanla.  and  x  Is  the  model  fraction  of 
Lanthanum  substituted  into  the  solid  solution.  Thus  for  example  on  9/65/35 
composition  has  65%  Zlrconia  to  35%  tltanla  with  8  mole%  of  Lanthanum  added. 
For  the  compositions  explored  the  maximum  swltchable  strain  was  over  0.5%.  The 
strain  vs  field  relation  Is  hysteretlc.  but  the  strain  levels  Induced  are  strictly 
proportional  to  the  square  of  the  Inducing  polarization.  Thus,  by  current  control  It  Is 
possible  to  "dial"  a  specific  displacement  and  the  actuator  can  be  left  remanent  at  any 
chosen  strain  level.  Compositions  and  dielectric  and  strain  data  from  the  earlier 
study  (2)  are  listed  in  Table  1  and  the  compositions  IdentlHed  on  the  phase  diagram  In 
figure  1. 

In  any  study  of  the  mechanical  properties  of  ceramics  at  high  strain  levels,  the 
flaw  population  which  may  Initiate  mechanical  failure  is  critical  since  the  PLZTs  can 
be  hot  pressed  to  very  near  theoretical  density  and  good  optical  transparency. 
Indicating  the  complete  absence  of  larger  scattering  centers  with  dimensions  near  to 
the  wavelength  of  light,  they  appear  to  be  an  Ideal  vehicle  for  fatigue  studies.  With  the 
close  correspondence  between  polarization  and  Induced  strain,  strain  fatigue  may  be 
monitored  by  continuous  observation  of  the  polarization  levels  and  only  needs  to  be 
checked  at  intervals  along  the  degradation  curve. 

Initial  studies  using  a  7:68:32  PLZT  compositions  were  however  most 
disappointing  (fig.  2)  with  the  material  showing  severe  fatigue  aAer  only  some  10^ 
cycles.  A  first  question  which  must  be  answered  Is  whether  the  fatigue  is  a  surface  or  a 
volume  phenomenon,  does  It  occur  at  the  electrode:ceramlc  Interface  or  Is  it 
distributed  through  the  volume  of  the  sample.  The  simple  experiment  shown  in  figure 
3  answered  the  question  unequivocally  for  this  initial  fatigue.  For  the  experiment  a 
square  cross  section  sample  rod  was  cut  from  the  transparent  ceramic,  polished  and 
cleaned  and  silver  electrodes  applied  to  all  surfaces.  To  separate  the  major  surfaces 
the  edges  were  beveled  leaving  two  orthogonal  electrode  pairs  (1:2  and  3:4  in  Qg.  2). 
With  swltdilng  field  applied  between  the  1:2  pair  polarization  was  degraded  following 
the  curve  in  figure  3b.  The  field  was  then  transferred  to  the  3:4  pair,  now  clearly  If 
degradation  Is  a  volume  effect  the  3:4  field  will  be  seeing  already  degraded  material, 
however  figure  3c  shows  that  the  3:4  electrodes  repeat  almost  exactly  the  degradation 
cycle  observed  with  1:2.  as  It  they  were  starting  from  virgin  material.  Clearly  the 
observed  fatigue  is  a  surface  effect  Switching  back  to  the  1:2  electrode  pair  tfie  sample 
Is  still  fatigued,  however,  removing  the  electrode  and  rc-applylng  brings  the  sample 
back  to  the  unfatigued  virgin  state. 


The  strong  suspicion  Is  that  the  problem  Is  at  the  dielectric:  electrode  interface. 
Roughening  the  surface  to  promote  adhesion,  polishing  or  even  chemically  etching 
modified  but  did  not  radically  improve  fatigue  (fig.  2).  A  treatment  which  did  however 
eliminate  fatigue  up  to  more  than  10^  switching  cycles  Is  illustrated  In  figure  4.  The 
sample  was  cleaned  ultrasonlcally.  then  etched  In  hot  phosphoric  acid,  rinsed  and 
dried  at  500'C  for  -  1  hour  (fig.  4a).  Etching  with  air  drying  (fig.  4b)  Improved  the 
sample  with  respect  to  conventional  surface  preparation  (fig.  4c).  but  the  high 
temperature  heat  treatment  was  essential  to  eliminate  fatigue  (fig.  5). 


Table  1 

Dielectric.  Polarization  and  Strain  Data  for  a  Number  of  Spin  Glass  to 
Ferroelectric  Phase  Switching  Composition  In  the  PLZT  Family  at 
Compositions  Close  to  the  Morphotroplc  Phase  Boundary. 


Comp 

r.cc) 

B 

KM 

Cc  (k*/cffl) 

Pf  (Dc/cm‘) 

4,(10*’) 

4,(10-’) 

4./4, 

II/67/.U 

CUM 

35(» 

2.6 

21 

0.81 

IJ 

0.1 

$/6}/:y 

lUA 

11350 

4«nu 

36 

20 

0.82 

2.3 

0.37 

tibiiii 

\u 

II3U) 

450II 

4.7 

21 

0.76 

1.9 

0.37 

7/M/3S 

140 

30X1 

4.3 

28  4 

1 

3.1 

0.7 

7/42.J/37.J' 

I6U 

INMO 

7900 

5 

77.2 

1.2 

3.7 

0.64 

7/60/-W 

17' 

1710) 

30'M 

6.3 

76.2 

1.2 

3.8 

0.4 

7/'«/4J 

im 

I73W 

7«00 

S 

72 

M 

3.7 

0.39 

7/!«/-U 

IW 

I7;u7 

7700 

10 

22 

0.94 

7.3 

0.4 

6/«2/3« 

196 

IWM 

21U0 

3 

31 

1.45 

4.1 

0.38 

6/M/40’ 

:in 

IKMO 

7UU0 

3.6 

29J 

1.33 

4.7 

0.37 

6/;»/JZ 

7.43 

29 

1.32 

3.7 

0.33 

3/«ii)/« 

ir-o 

I9UU0 

l«00 

637 

32 

0.79 

4.2 

0.33 

?/?!!  3/41  y 

64| 

34 

1.24 

43 

0.39 

8.3 

32.1 

1.6 

$.4 

0.36 

*/yi*y 

7  47 

35.2 

1  26 

0.6 

4/S3/45 

10 

29  5 

1.21 

■ai 

0.35 

*  Mrn  contpcniiHini'  r,:  Ttanivcfse  tirain  induced  at  I5kv/cfn.  Longtiudinsl  stiam  induced  at  ISke/cm. 
j^:  Tf9n9vcf5c  remartcni  tiistn.  7.:  Tcap.  o(  dielectric  nuaimum.  K^:  Maaimum  dielectric  constant.  K**' 
Diciccific  constant  at  Z9X. 


Fig.  1  IdenliAcatlon  on  the  PLZT  composition  phase  diagram  of  the 

compositions  with  properties  summarized  in  Table  1.  Dots  on  the  diagram 
Indicate  the  compositions  studied. 


aZI  7/60/32  CONVENT lONALLY  CLEANING  SURFACE 


Fig.  2  Early  fatigue  data  for  a  hot  pressed  transparent  7/68/32  PLZT  composition 
using  sputtered  gold  electrodes  deposited  upon  polished,  etched  or  ground 
surfaces  after  conventional  cleaning  with  organic  solvents  and  distilled 
water. 


That  the  degradation  eflect  is  associated  with  a  surface  impedance  is  suggested  by 
weak  field  dielectric  studies.  Using  an  8.4/65/35  composition  which  has  a  very  high 
dielectric  permittivity  near  90*C  Qlyue  Jiang  has  shown  that  on  thinning  a 
conventionally  prepared  sample  the  effective  peak  permittivity  appears  to  decrease 
figure  6:  Just  the  effect  to  be  expected  if  there  is  a  capacitive  series  Impedance.  If 
however  the  electrode  is  applied  immediately  after  appropriate  heat  treatment,  there 
is  no  change  in  apparent  peak  permittivity  down  to  less  than  half  the  thickness  of  the 
conventionally  prepared  sample  (fig.  7). 

A  most  Important  question  concerns  the  possible  role  of  the  high  perfection  of  the 
hot  pressed  transparent  ceramic.  To  test  the  importance  an  almost  identical  7/^/35 
composition  was  prepared  by  conventional  sintering  >-97-98%  theoretical  density, 
yielding  the  normal  opaque  ceramic  body.  Switching  studies  compared  to  the  hot 
pressed  body  now  show  degradation  begins  at  10^  -  10®  cycles  and  is  severe  by  10® 
cycles  (fig.  8)  even  though  identical  electroding  procedures  were  used.  Studies  have 
shown  that  this  degradation  is  a  volume  phenomenon  and  cannot  be  restored  by 
reelec  trodlng. 

For  the  hot  pressed  theoretically  dense  samples  it  may  be  asked  whether  the 
ceramic  grain  size  is  Important  in  fatigue.  The  7:68:32  composition  used  for  the  data 
in  figure  4  had  a  grain  size  of  order  3  pmeters.  Heat  treating  the  sample  it  was  possible 
to  grow  the  grains  to  -30  pmeler.  Again  it  appears  that  severe  fatigue  is  Induced  by  10® 
-10®  cycles  of  field  (fig.  9). 

That  the  fatigue  behaviour  is  a  complex  overlay  of  several  competing  mechanisms 
is  evident  from  studies  using  8.4:65:35  compositions.  Frequently  with  this 
composition,  even  though  the  induced  strain  at  saturation  is  less  than  in  the  7:68:32 
composition,  the  ceramic  often  failed  catastrophically  by  cracking  after  only  some 
10^-10®<ycles(fig.  10). 

(3)  IX)W  TEMPERATURE  STUDIES 

An  interesting  potential  application  for  the  hysteretlc  high  strain  actuator  is  in 
precise  position  control  for  large  space  based  telescope  mirrors.  For  a  completely 
active  system,  the  power  requirements  for  many  banks  of  position  control  actuators 
could  be  prohibitive.  In  the  phase  switching  actuator,  if  the  composition  is  properly 
designed  polarization  switching  can  be  very  fast,  so  that  banks  of  actuators  could  be 
serviced  by  a  single  power  supply  which  would  only  be  required  to  update  the  actuator 
against  aging  and  system  drift.  For  such  systems  however  it  would  clearly  be 
necessary  for  the  actuator  to  be  in  InlUmate  contact  with  the  mirror,  whose  surface 
would  probably  be  at  space  ambient  temperature  -lOO’K.  l.e.  -  173‘C.  Thus  it  is 
important  to  know  how  polarization  controDed  high  strain  actuators  would  behave 
at  low  temperature. 

In  the  spin-glass  type  switching  ^tems  it  is  Important  to  explore  the  freezing 
temperature  as  a  function  of  composition.  From  such  studies  which  will  be  reported 
elsewhere  it  was  clear  that  the  9.5/65/35  PLCT  and  pure  lead  magnesium  nlobate 
(PMN)  vould  be  adequately  square  hysteretlc.  For  the  PLZT.  polarization  and  strain 
curves  taken  at  -  132*C  arc  shown  in  figure  1 1.  Clearly  strains  up  to  -2  -5. 10'®  can  be 
retained  remanently  in  this  temperature.  Pure  PMN  at  -140’C  (fig.  12)  has  a  rather 
less  square  hysteresis  loop  and  the  strain  level  is  now  less  then  2.10'®. 

In  both  the  PLZT  composition  (fig.  13)  and  the  PMN  (fig.  14)  full  switching  up  to 
10^  cycles  only  leads  to  very  small  fatigue.  If  the  actuator  were  used  in  a  static 
deflection  situation  and  only  updating  pulses  were  applied  we  believe  this  level  of 
fatigue  would  be  acceptable  for  practical  situation.  Clearly  if  the  actuator  has  to  be 
continuously  exercised  across  the  full  strain  range  further  improvement  will  be 
necessary. 


3  Experlme'^tal  configuration  used  to  demonstrate  that  early  fatigue  Is  a 

surface  not  a  volume  related  problem. 

(a)  Square  cross  section  sample  of  8.4/65/35  PZT  electroded  on  the 
major  surfaces,  but  with  the  edges  beveled  to  separate  1:2  and  3:4 
electrode  pairs. 

(b)  Modification  of  the  dielectric  hysteresis  and  polarization 
degradation  for  Oelds  in  the  1:2  direction. 

(c)  Modification  of  hysteresis  and  polarization  with  field  cycling  for 
fields  In  the  3:4  direction.  Note  that  for  3:4  degradation  again  starts 
as  If  for  a  virgin  sample. 

(d)  Returning  field  to  either  1:2  or  3:4  electrode  pairs  after  fatigue  the 
sample  remains  In  the  fatigued  state. 


Fig,  4  Hysteresis  behaviour  showing  the  effects  of  different  surface  treatments  on 
a  hot  pressed  transparent  7:68:32  PLZT  before  sputter  deposition  of  gold 
electr^es. 

(a)  For  maximum  resistance  to  fatigue  the  treatment  involves  etching  in 
hot  phosphoric  acid,  rinsing  in  distilled  water  then  heat  treating  to 
500*C  for  one  hour  Immediate^  before  electrode  deposition. 

(b)  Fatigue  evident  at  2.10^  cycles  alter  phosphoric  acid  etch,  rinsing  and 
diylng  without  heat  treatment. 

(c)  Severe  fatigue  associated  with  electrodes  applied  to  conventionally 
prepared  PLZT  surfaces. 
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Fig.  7 


Fig.  8 


T  ®C 


Weak  field  permittivity  of  a  similar  8-4:65:35  PLZT  composition  with 
etched  heat  treated  surfaces.  Note  that  there  Is  no  evidence  of  a  series 
ImpedaiKe  at  the  surface  for  samples  down  to  41  pm  thick. 


Comparison  of  the  fatigue  behaviour  between  hot  pressed  theoretically 
dense  7:68:32  and  a  conventionally  sintered  7/65/35  composition  Curves 
were  taken  using  the  same  electrode  treatments.  Damage  In  the  7/65/35 
compositions  could  not  be  rejuvenated  by  re-electrodlng  and  appeared  a 
volume  phenomenon. 


Fig.  9 


Fig.  10 


Effects  of  ceramic  grain  size  on  fatigue  (a)  7/68/32  PZT  with  grain  size  -3 
pmeters:  (b)  7/68/32  PZT  grain  grown  to  size  -30  ^meters. 


HOI  PRESSCO  PLZr 


Fatigue  In  a  7/68/32  composition  as  compared  to  that  In  an  8-4/65/35 
composition.  Note  that  the  804/65/35  undergoes  lower  strain  excursions 
than  the  7/68/32  composition,  but  thouth  It  has  similar  grain  size  and  the 
same  electrode  treatment  It  falls  catastrophically  by  cracking  after  only 
10®  cycles. 


(4)  SUltfMART  AND  CONCLUSIONS 


For  high  strain  phase  switching  actuators  based  upon  spin  glass  like 
compositions  in  the  PLZT  family  it  has  been  shown  that  the  fatigue  effects  which 
limit  the  number  of  useful  strain  switching  cycles  Involve  a  number  of  phenomena 

For  hot  pressed  theoretically  dense  optically  transparent  ceramics,  the  electrode 
structure  has  been  shown  to  be  critical  If  premature  fatigue  is  to  be  avoided.  For 
sputtered  gold  electrodes,  etching  in  phosphoric  acid  followed  by  a  high  temperature 
heat  treatment  immediately  before  electrode  application  was  shown  to  yield  fatigue 
free  performance  up  to  10®  cycles.  Conventional  ceramics  of  -97-98%  theoretical 
density  made  by  conventional  sintering  could  not  be  made  fatigue  Cnee.  The  grain  size 
and  the  composition  of  the  ceramic  were  also  shown  to  play  a  major  role  in 
determining  Uie  lifetime.  In  general  finer  grain  ceramics  as  expected  had  longer 
fatigue  lifetimes,  however  composition  is  a  more  sophisticated  variable  and  failure 
does  not  appear  to  be  directly  keyed  to  strain  performance. 

Initial  low  temperature  studies  have  shown  that  hysteretlc  (dlal-a-dlsplacement) 
actuators  can  be  developed  to  work  at  temperatures  —  140'C.  Fatigue  at  iO^  cycles  is 
quite  small  and  for  simple  updating  to  maintain  a  near  constant  static  displacement 
present  materials  will  be  quite  adequate. 

In  many  high  strain  applications  it  will  be  necessary  to  use  multilayer  systems 
with  coflred  electrodes  so  as  to  achieve  adequate  displacements  at  low  terminal 
voltages.  It  will  be  Important  to  repeat  these  tj^s  of  fatigue  studies  for  ^stem  with 
coOred  internal  electrodes. 


Fig.  11  Low  temperature  polarization  and  strain  cycles  in  a  9  5/65/35  PLZT. 
Frequency  10  Hz.  Temperature  -132*C,  Cycling  field  30  KV/cm. 


ig.  12  Low  temperature  polarization  and  strain  curves  In  pure  Lead  magnesium 
nlobate  (PMN). 


18-  13  Fatigue  In  the  9-5/65/35  PL2T  under  high  Deld  cycling  under  a  freouenev 
of  160Hzat-140*C. 


Fig.  14  Fatigue  In  pure  PMN  under  high  cyclic  field  of  100  Hz  applied  at  >140‘C. 
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ACOUSTIC  EMISSION  IN  FERROELECTRIC  LEAD 
TITANATE  CERAMICS:  ORIGIN  AND  RECOMBINATION 

OF  MICROCRACKS 

V.  SRIKANTH  aa4  EL  C  SUBBAJUOt 

Muenab  Roeuch  Labontoiy.  The  PcnnoyWaiiia  Suu  Uaivenity,  Univtnaty  Rirk.  PA  I6S02.  U.SA. 

(Rtttktd  It  Ftbmvj  1991) 

AkMnct— Lead  uuiute  doped  with  aiobium  forms  solid  solutioos  of  the  type  Pb,  _  ^(Tii  - 1  «heR 
X  •  3  02  and  0.01  The  ferroelectric  Curie  tetaperature  of  these  solid  soluuoos  is  around  46S*C.  oompared 
to  490'C  for  PbTiOi  at  the  cubic-tetta|oiial  phase  change.  The  lattice  distortions  at  and  below  the  Curie 
tetaperature  generate  internal  stresses,  leading  to  tiucrocracluag.  The  miciactacking  in  lead  titaaaic 
cetamica  is  delected  by  acoustic  emission  methods  as  a  function  of  bcadag  to  and  cooling  from  varsoui 
temperatures  upio  S00*C.  Prom  this  study  it  is  concluded  that  inicrociackiag  is  peimarily  triggered  by 
the  sudden  lattice  parameter  changes  at  the  Curie  temperature  on  cooling  and  that  it  is  enhanced  by  the 
annoiropic  thermal  expansion  below  the  transition.  TV  healing  of  miooccacks  is  a  gradual  process  and 
escapes  direct  detection  by  the  acoustic  emission  methods.  An  indicaiioo  of  the  tecombinanon  of 
iDBocracks  on  heaung  has  been  obtained  by  the  total  number  of  acoustic  emission  counts  in  samples 
coaled  from  various  temperatures  and  also  from  fixed  temperatures  afrer  different  periods. 


I.  INTRODtenON 

Single  phase  ceramic  materials  may  exhibit  micro- 
cracking  on  cooling  from  high  temperatures  cither 
due  to  anisotropic  axial  thermal  expansion  (if  they 
have  nooKubk  crystal  structure)  (1,2]  or  due  to 
phase  transitions.  A  material  with  anisotropic 
thermal  expansion  behavior  undergoes  contraction 
(or  expansion)  by  varying  extenu  in  different  crystal* 
lographic  directions  during  cooling,  setting  up  in* 
temal  stresses,  which  may  lead  to  intergranular  or 
transgranular  ruptures  if  the  internal  stresses  exceed 
the  fraaure  stress  of  the  material.  Aluminum  ti* 
tarute.  which  possesses  anisotropic  axial  thermal 
expansion,  was  the  first  ceramic  material  in  which  an 
unusual  linear  thermal  expansion  behavior  is  re* 
ported  P).  On  heating  a  sintered  ceramic  aluminum 
utanate,  it  contracts  upio  a  ceruin  temperature  and 
then  expands.  On  cooling  from  the  peak  measuring 
temperature,  it  contracts,  as  expected,  down  to  a 
certain  temperature  when  it  begins  to  expand  on 
further  cooling,  thus  exhibiting  a  hysteresis  in  its 
thermal  expansion  behavior.  Buessem  (4,  S]  was  the 
fint  to  explain  these  experimenul  facu  by  invoking 
micro-cracking  on  cooling  and  healing  on  heating: 
On  cooling  a  sample  from  a  high  temperature,  it 
contracu  oormaUy  until  the  microcTacking  becomes 
severe  enough  to  cause  overall  expansion  masking  the 
normal  contraction.  On  beating  such  an  aluminum 
liianatc  ceramic  from  room  temperature,  the  pre* 
exisung  nucrocracks  heal  (or  recombine)  causing  an 


rpemaom  •ddme  Txu  Rocarch  Orvelopmni  and 
Design  Center.  I  Mangaldu  Roud.  Puac  41  lOOl.  India. 


apparent  contraction  masking  the  true  expansion. 
When  the  shrinkage  of  the  sample  due  to  healing  of 
micTooacks  becomes  less  than  Use  normal  expansion, 
a  net  overall  expansion  is  measured  on  further  heat¬ 
ing.  While  this  is  a  plausible  explanation  and  has 
since  been  invoked  to  account  for  xunilar  behavior  in 
other  ttuterials,  not  much  direa  (microscopic  or 
other)  evidence  has  so  far  been  available  for  inter* 
granular  or  traugranular  fractures  on  cooling  as  well 
as  healing  of  microcracks  on  beating,  in  siKh 
materials.  However,  many  single  phase  anisouopic 
ceramics  have  been  shown  to  exhibit  similar  linear 
thermal  expansion  as  aluminum  dunate  and  these 
include  magnesium  diiiunate  [6. 7],  pseudobrookites 
[8],  niobium  pentoxide  (9],  diania  (10).  alumina  (1 1). 
sodium  zirconium  pbosplute  family  (12).  among  oth* 
ers.  many  of  which  possess  low  (or  near  zero)  overall 
Uiermal  expansion  over  a  certain  temperature  range. 

Though  healing  or  recombination  of  ptc-cxisung 
microcracks  has  been  postulated  to  explain  the  ther¬ 
mal  expansion  behavior  on  heaung  and  the  thermal 
shock  characteristics  of  non<ubic  single  phase  cer* 
amia  (4, 6. 13-17],  not  much  direct  evidence  for  the 
same  has  to  far  been  obtained. 

Acoustic  emissions  are  transient  elastic  waves  aris¬ 
ing  from  the  rapid  release  of  energy  within  a  material 
due  to  any  nucrodeformadon  process  such  as  micro* 
cracking,  crysuUognphic  phase  transitioo  etc.  These 
can  be  delected  by  piezoelectric  transducers  mounted 
on  the  sample  while  it  is  heated  and  cooled  over  the 
desired  temperature  range. 

Acoustic  emissioa  is  a  convenient  tool  to  study 
microcracking  in  ceramics  (18-21)  and  has  already 
been  used  in  the  case  of  aluminum  utanate  (22. 23). 
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sodium  arconium  phosphates  [24],  and  niobia  (25) 
(0  detect  inicrocracking  due  to  anisotropic  thermal 
expansion  during  cooling. 

It  has  been  known  that  as  the  gram  size  decreases 
in  polycrvstalline  non-cubic  ceramics,  strength  in¬ 
creases  sharply,  and  this  behavior  is  associated  with 
the  suppression  of  microcracking  at  small  grain  sizes. 
The  average  grain  size  corresponding  to  microcrack- 
ing  is  called  the  cntical  grain  size,  C^-  The  iniual 
explanation  of  a  cntical  grain  size  from  nucrocrack- 
ing  was  put  forward  by  Clarke  (26]  and  extended  by 
others  p.  8,  10. 27-33].  In  the  theoreticaJ  models,  the 
equation  for  the  cntical  grain  size  usually  takes  the 
form 


<7. 


*•/ 
E(AT  ■ 


(I) 


where  k  is  t  function  of  the  grain  geometry,  /  is 
the  fracture  surface  energy,  £  is  the  Young's 
modulus,  AT  is  the  temperature  change  and  Ax^ 
is  the  maximum  difference  in  the  axial  thermal 
expansion  coefficents.  This  implies  that  znkrociack- 
ing  in  a  ceramic  may  not  occur  for  grain  sizes  less 
than  G„. 

From  the  above,  it  is  seen  that  microcracking  due 
to  anisotropic  thermal  expansion  of  non-cubic  poly* 
crysulline  materials  has  been  quite  extensively  inves¬ 
tigated.  On  the  other  hand,  microcracking  in  ceramics 
due  to  phase  transitions  is  studied  only  in  the  case  of 
some  ferroekctria  [27]  and  more  recently  in  super¬ 
conducting  YBa.CuiO,.,  (34].  Ferroelectrics  un¬ 
dergo  a  phase  transition  (e  g.  cubic-ietngonal)  at  the 
Curie  temperature.  In  the  case  of  lead  tiunate, 
PbTiOi,  the  variation  of  lattice  parameters,  tetra¬ 
gonal  distortion  (c/e),  unit  cell  volume  and  linear 
dimensional  change  of  a  ceramic  are  plotted  in  Fig.  I 
as  a  funcuon  of  temperature  through  the  phase 
change  at  the  Curie  point.  490'C  (35. 36].  At  room 
temperature.  e>  0.3894  nm  and  c.e  »  1.063  for 
PbTiO,. 

The  large  tetragonal  distortion  and  the  volatility  of 
PbO  at  the  sintering  temperature  makes  it  difficult  to 
produce  dense  sintered  polycrystalline  PbTiO>.  How¬ 
ever.  introduction  of  2-3V«  Nb  enables  the  pro¬ 
duction  of  dense,  strong  lead  utanaie  ceramics  [37]. 
A  number  of  other  additions  have  also  been  tried 
(38-40].  Matsuo  and  Sasaki  (40]  found  that  some 
additions  resulted  in  average  gram  size  in  the  range 
of  0.8-1 .5  ^m  whereas  others  gave  average  grain  sizes 
of  10-80  itm.  They  established  that  the  poor  mechan¬ 
ical  strength  of  lead  tiunate  ceramics  is  due  to  the 
mtergranuiar  cracking  arising  from  grain  boundary 
stresses  set  up  by  the  anisotropic  thcrnul  expansion 
coefficients  along  the  a  and  c  directions  of  the  tetra¬ 
gonal  phase  I.C.  below  the  Curie  temperature  in 
ceramics  with  grain  size  >l-3iim.  with  complete 
crumbling  when  gram  size  %IOfin-  Mechanically 
strong  lead  ounate  ceramics  are  interesting  because 
of  iu  high  Cune  temperature  and  first  order 
ferroelcctnc  nnsiiion. 


In  the  present  work,  microcracking  in  Nb-doped 
PbTiO,  ceramics  is  studied  dunng  heating  and  cool¬ 
ing  through  the  phase  transition  via  the  acoustic 
emission  method.  An  effort  is  made  to  delineate  the 


Tomptratur*  (‘C) 


Tomptraturo  (*C) 

Fig.  I.  Vanauon  of  (a)  latuoe  parameiers,  (b)  tetragonal 
distortion  (r  al.  (c)  unit  cell  volume  and  (d|  tiocar  dimen- 
Bonal  change  (A/  /)  of  a  ceramic  as  a  funcuon  of  tempera- 
tiirc  for  PbTiO|  (Ref.  (3SD. 
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role  of  ih«  phase  transition  and  the  gradual  lattice 
parameter  changes  with  temperature  below  the 
phase  change,  on  the  microcracking.  Evidence  for 
recombination  of  microcracks  on  heating  is  also 
sought. 


2.  LXPERI.MENTAL 

r.  /  Sptcimen  preparation 

Compositions  of  (Ti|.,Nb,)Oi  with 

.T  m  0.02  and  0.05  were  prepared  from  reagent 
grade  PbO,  TiO]  and  NbiOi.  The  oaide  powders 
were  mixed  in  a  ball  mill  for  24  h  using  poly* 
ethylene  Jar,  calcined  at  tlOO'C  for  one  hour.  The 
calcined  powders  were  ground  and  pressed  into  circu¬ 
lar  disks  of  r  dia.  and  0.2'  ihkk.  The  disks  were 
sintered  at  1I80‘C  for  IS  min  in  a  covered  platinum 
crudble. 

2J^  Characterization 

The  density  was  obtained  from  weight  and  dimen¬ 
sions.  The  phase  identification  and  lattice  parameters 
(from  200  and  002  reflections)  was  determined  by 
X-ray  diffraction  using  Cu  radiation.  The  micro- 
structure  was  observed  from  the  scanniog  electron 
miaographs  (TSI-60)  of  fraaured  surfaces  of  sintered 
samples.  The  linear  thermal  espansioo  of  ceramic 
rods  (0.5  X  0.5  X  2  cm)  was  measured  using  a  Harrop 
diiatomecer  during  beating  to  600-800°C  and  cooling 
to  about  lOO'C,  using  beating  and  cooling  rates  of 
about  4’C  min. 

2.J.  Acoustic  emission 

The  Nb-doped  PbTiO,  ceramic  rod.  about 
3  X  5  X  20  cm.  is  attached  with  a  high  temperature 
cement  to  a  30  cm  long  alumina  rod.  which  served  as 
a  waveguide.  The  other  end  of  the  alumina  rod  is 
joined  to  a  transducer  using  a  water  soluble  ultra¬ 
sonic  couplant.  The  sample  is  placed  inside  a  tube 
furnace  and  a  chromei-alumel  thermocouple  posi- 
tjoned  near  the  sample  moniioa  the  temperature. 
The  furnace  temperature  was  raised  at  the  rate  of 
lO  C/min  up  to  the  range  of  425-800'C.  The  maxi¬ 
mum  temperature  was  maintained  for  15  min  (except 
in  one  expenment  where  the  sample  was  held  at  600 
and  800°C  for  periods  of  10.  100  and  1000  min), 
before  cooling  at  the  rate  of  5X/min.  Below  300'C. 
the  power  to  the  furnace  was  turned  off  and  a  naiura) 
cooling  rate  applks.  The  transducer  employed  has  a 
center  fretiuency  of  500  kHz  (in  a  range  of 
3(X>-700  kHz).  The  electrical  signal  output  from  the 
transducer  is  amplified,  filtered  and  processed 
through  a  train  of  instrumenution.  consisting  of  as 
amplifier  discriminator.  louJizerand  rate  meter  mod¬ 
ules.  to  obuin  '‘total  AE  counts’*  and  "count  rate 
lcounu<5'Q*‘  dau.  The  discnminaior  triggers  a 
pulse  whenever  the  amplifier  output  exceeds  a  ceruin 
ad;usuble  threshold.  The  details  of  the  system  here 
are  desenbed  earlier  (24. 34]. 


3.  RESULTS  A.ND  DISCUSSION 
J. /.  Samples 

The  density  of  Pb, . ,  .(Ti, .  ,Nb,)0)  ceramics  is 
6  66  gee  for  x=i0  02  and  7.30 gcc  fat  .t  »0.05. 
representing  84*/»  and  92%  of  theoretical  density, 
respectively,  which  are  comparable  to  those  of 
Ref.  (37],  The  X-ray  diffraction  pattern  of 
Pb^MTi««Nb,g20|  is  single  phase  tetragonal  with 
a  >-0.3886.  r  *0.4118  am  and  da  *  1.059,  which 
is  slightly  smaller  than  that  of  PbTiOj  (c/e  * 
1.063).  The  Pb«ftsTv«,Nbij50)  sample  was  mostly 


Tig.  1  Scanning  electron  miciographs  of  the  Cracture  sur¬ 
faces  of  (a)  PbvwTtgi^NhiigO)  and  (b)  Pb|vt)Ti^fiNh^O) 
ccraBKa.  (c)  Same  u  (aU  bat  alter  several  cycks  of  beat- 
Bgcoolini  for  acoasir  cnuaaMMi  measufcacna. 
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p«rovski(e  »ith  a  ■  0.3894,  c  m  0.4106  nm  and  c.'a  » 
I  0S4  (whKh  again  is  slightly  smaller  chan  that  for  the 
I*  •  Nb  composition),  while  a  trace  of  an  unidentiiied 
second  phase  was  also  present.  Thus,  (he  solubility 
limn  of  Nb  in  PbTiO)  is  between  2  and  5V«  [37].  The 
scanning  electron  micrographs  (Fig.  2)  show  the 
average  grain  size  to  be  0.2-0.3>im  for  the  two 
PbTiO,  samples  with  2  and  S%  Nb.  The  small  gram 
^  size  is  significant,  since  the  ;ndency  of  PbTiOi  to 
ciystallue  as  small  crystals  during  sintering  is  re* 
ported  to  be  one  of  the  obstacles  in  producing  dense, 
strong  PbTiOj  ceramics  (40).  The  unexpectedly  good 
urength  of  the  present  samples  is  no  doubt  due 
to  their  snail  grain  size,  below  the  value  for 
spontaneous  cracking  {40, 27]. 

J.J.  DUaiometry  and  acoustic  emission 

The  thermal  expansion  behavior  of  the  2%  Nb> 
doped  PbTiO,  ceramics  (Fig.  3)  on  heating  shows  a 
small  expansion  upto  about  400*C  and  then  contracts 
sharply  upto  the  transition  temperature  (489*Q  be* 
fore  it  siaru  to  expand  nomuDy.  Oa  cooling  from 
about  600*0.  it  contracts  down  to  the  phase  change 
(469*Q  and  then  begins  to  expand  first  steeply  down 
to  about  400*0,  followed  by  gradual  contraction 
down  to  room  temperature.  The  3V«  Nb  doped 
PbTiO]  ceramics  essentially  behaves  in  a  similar 
manner,  showing  very  little  length  change  upto  about 
300*0,  foBowed  by  a  steep  contraction  up  to  the 
transition  point  (4S0*C)  and  finally  expanding  in  the 
normal  manner,  on  heating.  On  codling,  the  normal 
conuacdoo  is  observed  down  to  the  transition  points 
(about  490*  and  450*Q,  below  which  the  sample 
expands  down  to  about  3(X)*C,  followed  by  slight 
contractioa  at  lower  temperatures.  The  two  minima, 
in  agreement  with  the  resulu  of  Ref.  (37],  are  at¬ 
tributed  to  a  non-equilibrium  condition  with  two 
compositions  having  slightly  different  Nb  contents. 
The  sharp  dimensional  changes  (expansion  followed 
by  contracdonl  suiting  at  the  cubic-tetragonal  phase 
change  down  to  room  temperature  is  noteworthy.  A 
single  sharp  dielectric  constant  maximum  was  re¬ 
ported  at  about  465’C  in  the  x  *  0.02  sample,  while 
two  mininia  were  observed  in  the  x  *  0.05  sample 
*7  (39{,  in  support  of  the  thermal  expansion  dau. 

The  acoustic  emission  dau  for  these  two  samples 
are  also  included  in  Fig.  3.  On  heating,  no  significant 
acousuc  emission  evenu  are  deteaed  between  room 
tempentuie  and  600*C  for  a  sample  with  x  *  0.02. 
On  the  other  hand,  intense  acoustic  emission  activity 
was  observed  during  cooling.  For  example,  the 
T  -  0.02  sample  exhibited  significant  number  of 
acoustic  emission  signals  suning  at  473'C  on  cooling 
from  600-400'C  (Fig.  4).  The  AE  activity  continues 
down  to  ai  least  200X.  The  dau  for  the  x  m  0.05 
sample  were  essentially  similar. 


down  to  at  least  200  C  (Fig.  5).  It  may  be  recalled 
that  the  cubic  j  parameter  suddenly  undergoes  a 
sharp  increase  to  become  the  c  a.\is  and  a  decrease  to 
become  the  a  a.tis  of  the  tetragonal  phase  at  the  Cune 
point,  causing  considerable  internal  stresses.  These 
internal  stresses  are  partly  relieved  by  the  creation  of 
ferroelectric  domains  (particularly  of  the  90*  type) 
and  partly  by  the  iniation  of  microcracks.  Thereftre, 
the  appearance  of  significant  AE  signals  at  about 
470*C  is  attnbuted  to  (he  initiation  of  microcracks 
due  to  the  sudden  lattice  parameter  changes  at  the 
Curie  point.  The  most  intense  AE  is  observed  be¬ 
tween  450*  and  about  250*C.  This  may  be  accounted 
for  by  the  following  As  the  sample  is  cooled  from  the 
transition  temperature  to  lower  temperatures,  an 
anisotropic  thermal  expansion  (c  axis  expansion  and 
the  a  axis  contraction)  takes  place  (Fig.  I).  This  is 


turn  SOO-t25  C  ■  shown  oo  an  expended  scale. 


3J.  Origin  of  microcracks 

Ouruf  cooling,  AE  is  detected  at  the  transition 
tempcratutc.  around  470'C  (Fig.  4)  and  continues 
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Ttmparaturw  (*0)  T*mp«f«tuf«  ('C) 

Fi|.  6.  Acoustic  emission  on  coolint  PbtnT%MN\jsO,  ceninic  from  (a)  4Z5  and  (b)  S00*C 

maximum  tempenture  of  th«  experiment  (from  500  enhanced  by  the  anisotropic  thermal  expansioD  as  the 

to  800*0  and  the  Curie  temperature  (Fig.  5).  clearly  sample  is  cooled  below  the  transition  teapentwe. 

indicating  that  no  microcracking  (and  therefore  no  The  scanning  electron  micrograph  of  a  sam^  which 

AE  activity)  takes  place  on  heating  or  cooling  in  the  had  undergotte  several  heating/cooling  cycles  through 

cubic  phase  region,  as  expected  [Figs  3(c.d)  and  5].  In  the  phase  transhion  shows  intergrani^  fractnes 

the  second  experiment,  when  the  sample  was  heated  [Fig.  2(c)]  which  are  absent  in  the  same  sample  before 

to  and  cooled  from  425'C.  slightly  below  the  cubic-  such  thermal  cycling  (Fig.  2(a)]. 

tetragonal  transition  temperature,  much  lessAE  ac¬ 
tivity  (about  100  counu)  was  delected,  compared  to  of  merocraeks 

the  samples  heated  and  cooled  from  above  500*0  Only  minor  acoustic  activity  is  observed  as  the 
(about  500  counu)  (Fig.  d).  suggesting  that  the  sample  is  heated  through  the  phase  transition  (Fig.  7) 

sudden  lattice  parameter  changes  at  the  Curie  lem-  compared  to  the  intense  AE  signals  during  cooling  of 

perature  really  trigger  the  microcracking,  which  b  the  same  sample  (Fig.  5).  This  may  imply  that  crack 


200  300  400  SOO  aoo  700  200  300  *00  SOO  000  700  soo 

Tomperaturo  ('CJ  Temperaturo  ('C) 

Fig.  7.  Acewtic  cmiswan  on  (waiiag  ceramic  from  300’C  CO  suooBsiivcIy  hiybff 

cemperatum:  U)  300.  {h}  600.  (c)  TOO  «od  (d)  lOOT. 
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hejting  ii  a  gradual  proces)  and  is  therefore  not 
amenable  for  detection  by  AE  methods 
However.  AE  data  were  collected  on  a  sample  of 
Pb,wTi(wNb(a;0]  ceramic  as  it  vwas  subjected  to 
heaiingcooling  cycles,  in  which  it  was  heated  to 
successively  higher  temperatures  (SOO.  600.  TOO  and 
SOO'C)  but  cooled  to  2Cio'C  between  successive  heat¬ 
ings  (Fig.  S(a)-(d)).  in  order  to  study  the  effect  of 
ma.\imiun  temperature  experienced  by  the  sample  on 
the  extent  of  microcracking  during  cooling.  The 
beating  and  cooling  rates  have  been  kept  constant  at 
10  and  SX/min,  respectively.  It  may  be  noticed  that 
the  total  number  of  counts  (essentially  all  of  them  in 
the  temperature  range  from  the  transition  point  to 
200*0  as  well  as  the  count  rate  were  larger,  the 
higher  the  maximum  temperature  to  which  the 
sample  has  been  heated  and  from  which  it  has  been 
cooled.  For  example,  as  the  maximum  temperature 
expenenced  by  the  sample  increased  from  SOO  to 
800*0  the  total  AE  counts  increased  from  about  400 
to  over  10.000  and  the  count  rate  (per  5'Q  increased 
from  less  than  20  to  over  1000.  This  experiment  was 
repeated  in  which  the  maximum  temperature  experi* 
enced  by  the  sample  was  successively  lowered 
(800-700  to  OOO^jOO’Q  with  cooling  to  200*C  be¬ 
tween  successive  cycles.  The  AE  data  in  this 
case  (Fig.  5(e)-(h)]  were  nearly  identical  to  those 
obuined  in  the  first  experiment  in  which  the  succes¬ 
sively  higher  maximum  temperatures  were  employed 
(Fig.  S(a)~(d)]-  The  relationship  between  the  total 
number  of  counu  and  the  maximum  temperature  to 
which  the  sample  was  exposed  is  essentially  linear  in 
the  temperature  range  of  500-700*C  (Fig.  8).  This 
may  be  explained  as  follows:  The  number  of  AE 
counu  may  be  taken  as  the  number  of  fresh  micro- 
cracks  occurring  in  a  sample.  Healing  or  recombina¬ 
tion  of  pre-existing  microcracks  may  be  assumed  to 
be  a  function  of  the  temperature  to  which  the  sampte 
is  heated.  Therefore,  the  microcracks  in  more  of  the 
grains  may  be  healed  by  heating  it  to  a  higher 
temperature  (and  therefore  offer  themselves  as  poten¬ 
tial  sites  for  fresh  microcracking)  than  when  it  is 


Fig.  t.  Tout  AE  counu  on  cooling  PNwTvaNh^aOi 
ceraouc  to  200'C  as  a  funcuon  of  maximum  icaipeiatute  to 
which  (he  lampk  was  exposed. 


Fig.  9.  Total  AE  counu  on  cooling  Pb^wTlawNhtaO} 
ceramic  to  200*C  from  MO  and  800^  as  a  functioa  of 
holding  lime  at  600  and  M0*C 


heated  to  a  lower  temperature.  As  a  result,  the 
number  of  fresh  miaocracks  occurring  (and  thus  the 
number  of  AE  counts)  increases  with  the  temperature 
to  which  the  sample  is  heated.  This  explanation 
is  confirmed  by  the  fact  that  the  number  of  AE 
counts  decreased  when  the  sample  was  cooled  to 
200*C  successivdy  from  800.  700,  600  and  SOO’C 
[Fig.  S(e)-<h)].  It  may  be  noted  (Fig.  8)  that  the  total 
counu  on  cooling  a  sample  from  800*C  are  only 
slightly  more  than  those  when  it  is  cooled  Grom 
700'’C,  which  may  mean  that  much  of  the  recombina¬ 
tion  of  microcracks  is  completed  by  heating  to  700*C. 
Funher,  very  few  AE  counu  were  obtained  when 
the  sample  wu  cooled  from  425*C.  which  is  below 
the  cubic-utragonal  transition  temperature,  com¬ 
pared  to  sampla  cooled  from  above  the  transition 
temperature  (Figs.  6  and  8).  as  pointed  out  earlier. 

The  healing  of  microcncks  has  been  shown  above 
to  be  a  function  of  the  temperature  to  which  the 
sample  has  been  heated  (Fig.  8).  In  order  to  examine 
the  influence  of  bolding  (or  annealing)  time  on  the 
recombination  of  microcracks,  samples  held  at  600 
and  800*C  for  10.  100  and  1000  min  were  cooled  to 
200'C.  while  AE  dau  were  obtained  (Ftg.  9).  The 
recombination  of  microcracks  appears  to  be  more 
rapid  in  the  first  100  min  compared  to  longer  periods, 
both  at  600  and  SOO’C.  Further,  in  the  time  span 
studied,  the  rate  of  healing  of  microcracks  was  faster 
at  600*C  (nearly  doubled  between  10  and  1000  min). 
In  other  words,  the  holding  time  was  more  important 
at  6<X)’C  than  at  800’C  for  the  healing  of  microc¬ 
racks.  This  also  means  that  many  of  the  microcncks 
which  can  recombine  do  so  as  soon  as  the  tempera¬ 
ture  reaches  800*C  and  not  many  more  do  so  by 
holding  the  sample  at  800’C  for  long  per.v  d^ 
whereas  the  holding  time  does  play  a  moa  significant 
role  at  lower  annealing  temperatures  $m  h  as  600'C. 

4.  CONCLUSIONS 

Microcracking  in  Ph^nTitM  NbusOj  cerair-c,  aris¬ 
ing  from  tetragonal  distortion  at  the  cubic-tetr.  gonal 
phase  transition  (at  about  469*C)  and  beco.ning 
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enhanced  by  the  anisotropic  changes  of  the  tetragonal 
lattice  parameters  on  cooling  below  the  transition, 
are  detected  by  acoustic  emission  measurement.  Ap¬ 
pearance  of  significant  AE  activity  starts  at  or  near 
the  phase  transiuon  and  the  AE  count  rate  reaches  a 
peak  at  }0-tOO'C  below  the  transition  temperature. 
Very  few  AE  signals  are  detected  during  heating 
(indicating  that  beading  of  microcracks  is  a  gradual 
process,  not  amenable  to  detection  by  AE  methods) 
and.  during  heating  or  cooling  of  the  sample  in  the 
cubic  phase  regime.  Only  a  small  number  of  AE 
counts  were  detected  when  the  sample  was  heated  to 
and  cooled  from  422'C,  well  below  the  transition 
temperature,  indicating  the  imporunt  role  of  the 
sudden  lattice  distortion  at  the  ferroelectric  Curie 
temperature  as  the  prime  trigger  for  the  microcrack¬ 
ing  procesL  The  AE  activity  continues  as  the  sample 
is  cooled  below  the  Curie  temperature  due  to  the 
microcracking  caused  by  the  anisotropic  thermal 
expansion  behavior  of  the  tetragonal  phase.  The 
extent  of  healing  increases  with  increasing  tempera- 
»tir»  Ikhtth  the  lABple  is 
the  number  of  fresh  microcracking  events  (and  the 
AE  counts)  increase  with  increasing  temperature  ex¬ 
perienced  by  the  sample.  The  extent  of  recombination 
of  microcTacks  increases  substantially  with  holding 
time  of  the  sample  at  6(X)*C.  whereas  holding  time 
does  not  play  an  important  role  for  a  sample  heated 
to  Wire. 

-The  authors  graiefully  ackaowledge  the 
financial  suppoa  of  the  Office  of  Naval  Reseatch. 
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Morphotropic  Phase  Boundary  in  the  Pb(Zr^TI,  _^)03  System 
By 

M.  Fukuhara^),  a.  S.  Bhalla,  and  R.  E.  Newnham 

The  ionic  polarizabilities  in  PblZr.Ti,  .,)Oj  compositions  are  calculated  by  the  Clausius-Mossotti- 
Lorentz-Lorentz  equation.  The  resultant  gap  of  the  polarizability  appearing  at  the  morphotropic  phase 
boundary  (MPB)  composition  suggests  the  phase  transition  boundary  to  be  due  to  the  electrostatic 
long-range  dipole  moment.  Semiconducting  and  phonon  softening  of  PZT  near  MPB  compositions 
may  be  arrived  at  from  screening  of  the  long-range  dipole -dipole  interaction  by  electrons. 

Es  werden  die  ionaren  Polarisierbarkeiten  von  Pb(Zr,Ti,  ..)0)  mit  Hilfe  der  Clausius-Mossotti- 
Lorentz-Lorentz-Beziehung  berechnet.  Die  resultierende  Polarisierbarkeitsluclce  bei  der  Komposition 
der  morphotropen  Phasengrenze  (MPB)  laQt  vermuten,  daB  die  Phasenubergangsgrenze  durch  das 
langreichweitige  elektrostatische  Dipolmoment  hervorgerufen  i$L  Nahe  der  MPB-Komposition  isi 
Halbleitung  sowie  ein  Aufweichen  der  Phononmoden  bei  Abschirmung  der  langreichweitigen  Dipol  -  Di- 
pol-Wechselwirkung  durch  Elektronen  mdglich. 

1.  Introduction 

Since  JafTe  et  al.  [I.  2]  found  enhanced  piezoelectric  elTects.  such  as  maximum  electromecha¬ 
nical  coupling  coelTicient  and  dielectric  susceptibility,  for  compositions  near  the  morpho¬ 
tropic  phase  boundary^)  (MPB)  between  the  tetragonal  and  rhombohedral  ferroelectric 
phases  in  the  Pb(Zr,Ti,  solid  solution  (PZT)  system,  PZT  ceramics  are  now  the  main 
materials  in  modem  piezoelectric  technology.  For  these  compositions,  there  are  fourteen 
possible  poling  directions  over  a  very  wide  temperature  range,  explaining  why  the  piezoelec¬ 
tric  cocIFicients  are  largest  near  the  MPB  [3].  Once  the  phase  boundary  was  considered  as  the 
composition  where  these  two  phases  were  present  in  equal  quantity  [4],  Benguigui  and  cowor¬ 
kers  [S]  have  suggested  the  coexistence  of  the  two  phases  in  MPB  over  the  region  of  IS  mol%, 
but  Isupov  (6]  has  reported  a  possible  existence  of  an  extended  region  of  the  MPB  compo¬ 
sition.  Subsequent  investigations  by  Kakegawa  et  al.  [7]  and  Multani  et  al.  (8]  have  proved  that 
no  coexistence  of  the  t./o  phases  occurs  in  any  range  of  composition  without  compositional 
fluctuation,  using  wet-dry  combination  and  sol-gel  techniques,  respectively.  Nakamura  [9]  has 
also  pointed  out  that  the  MPB  is  the  phase  boundary  of  the  first-order  transition  tetragonal 
and  rhombohedral  phases.  However,  even  if  the  MPB  is  a  monoboundary  separating  two 
ferroelectric  phases,  there  is  still  the  question  of  why  the  MPB  appears  at  a  specified  compo¬ 
sition  in  the  complete  solid  solution  system.  Our  overall  interest  lies  in  an  inquiry  into  the 
origin  of  the  MPB  in  terms  of  lattice  dynamics.  Previous  work  (10  to  13]  has  been  carried  out 
on  this  subject  using  Raman  techniques,  but  it  is  not  completely  clear  yet,  as  far  as  we  know. 

')  University  Park.  PA  16802.  USA. 

')  Present  address;  Toshiba  Tungaloy,  Research  Department  for  Tool  Development.  7-T.  Tsukagoshi. 
Saiwai-Ku.  Kawasaki  210.  Japan. 

’)  This  is  used  to  denote  an  abrupt  structural  change  within  a  solid  solution  with  variation  in 
composition  [2].  That  the  boundary  cannot  be  crossed  by  changing  temperature  is  important  in  PZT. 
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2.  Appearance  of  MPB  and  Relief  of  Lattice  Strain 

In  order  to  answer  the  question,  the  charactertistics  of  the  MPB  are  reviewed  as  follows: 
1.  The  boundary  appears  as  a  vertical  line  and  does  not  depend  on  temperature  (4.  14). 
The  temperature  independence  is  not  common  in  other  ferroelectric  systems.  In  general, 
the  subsolidus  boundaries  in  binary  solid-solution  regions  show  a  half  ellipse  shape  such 
as  the  o-phase  in  Fe-Cr  alloys.  2.  The  orthorhombic  ferroelectric  phase  is  not  found  among 
the  perovskite  oxide  systems  in  which  the  morphotropic  boundaries  occur.  For  this  reason. 
Newnham  (3,  15]  has  suggested  the  instability  or  suppression  of  the  orthorhombic  phase 
due  to  the  symmetry  hierarchy.  3.  The  morphotropic  boundaries  are  relatively  common  in 
Pb-based  perovskites.  more  than  in  other  perovskite  phase  diagrams  (3).  A  Pb^  *  ion  favors 
pyramid  bonding  which  is  common  in  the  tetragonal  and  rhombohedral  perovskite,  under 
its  lone-pair  6s^  electron  configuration  (16).  The  bonding  calls  for  an  asymmetrical  position 
which  is  the  result  of  the  deformation  of  the  Pb**  ion.  Thus,  the  high  permittivity  in  the 
tetragonal  side  is  a  consequence  of  the  high  polarizability  of  the  (Ti.  Zr)-0  chains 
perpendicular  to  the  spontaneous  polarization  along  (001)  directions  (Fig.  4  in  (16)).  4.  The 
dielectric  constant,  piezoelectric  d  strain  coelTicicnts,  and  electromechanical  coupling  factor 
k  have  their  highest  values  just  on  the  tetragonal  side  of  the  structural  transition  [17],  while 
the  piezoelectric  g-consiants  maintain  their  high  values  into  the  rhombohedral  field  (4).  5. 
The  tetragonal  distortion,  (c/a)  -  1.  in  tetragonal  range  shows  a  minimum  value  near  the 
MPB  [2.  18).  In  order  to  make  clear  it,  the  strain  S,  in  the  direction  of  spontaneous 
polarization  at  room  temperature  was  calculated  in  both  tetragonal  and  rhombohedral 
regions,  using  the  general  formula  [14,  19] 

(1) 

where  Pj  is  the  spontaneous  polarization  and  Q^j  the  electrostrictive  coefficient.  For  this 
calculation,  the  latest  data  at  298  K  by  Haun  et  al.  (20.  21]  were  used.  These  results  are 
shown  in  Fig.  1.  The  strain  (3.0%)  of  PbTiO,  decreases  almost  linearly  with  increasing 
zirconate  content  to  the  MPB  composition  and  reversely  increases  in  the  PbZrOs-rich 
region  over  the  composition.  This  suggests  that  the  domains  near  the  MPB  are  most  easily 


Fig.  I.  Compositional  dependence  of  the  strain 
in  the  direction  of  sportaneous  polarizaiion 
and  ionic  polarizability  (or  Pb(Zr,Ti,  .,)Oj 
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aligned  for  poling  due  to  the  relief  of  the  strain.  Therefore,  it  is  very  difficult  to  explain  the 
appearance  of  the  MPB  based  on  the  15%  strain  limit  according  to  the  Hume-Rothery 
rule  which  predicts  structural  stability  limits  based  on  ionic  mismach  considerations  [221. 

6.  The  local  ma.xima  of  electric  conductivity  (lO**  to  10'*  incm)"'  at  the  Curie  point) 
exist  for  the  compositions  close  to  the  MPB  (231.  These  values  and  their  positive  temperature 
coefficient  in  conductivity  indicate  semiconducting  character. 

These  six  characteristics  yield  clues  as  to  the  reason  why  the  morphotropic  boundary 
appears  at  x  =  0.535  [24].  We  first  consider  physical  causes  of  the  dielectric  anomaly  near 
the  MPB. 

According  to  the  Lyddane-Sachs-Teller  <LST)  relation  (25) 
wj  £(0) 

if  £(0)  -•  X.  a  characteristic  of  ferroelectricity.  would  be  zero*),  where  £(0)  is  the  static 
dielectric  constant,  £(x)  is  the  high-frequency  limit  of  the  dielectric  function,  and  Uy  and 
ci^  are  transverse  and  longitutional  optic  phonon  frequencies,  respectively.  Hence,  by  analogy 
we  infer  that  a  singularity  in  dielectric  constant  at  the  MPB  may  be  related  to  the  soft 
modes  with  otj  —  0.  Indeed.  Pinezuk  [10].  Burns  and  Scott  [1 1].  and  Bauerle  et  al.  [13]  have 
observed  that  the  “soft"  oi^  mode  frequency  decreases  with  increasing  zirconate  content 
in  the  tetragonal  region  and  goes  to  zero  at  the  MPB.  However,  no  optical  soft  mode  exists 
in  the  rhombohedral  phase:  all  (Ti.  Zr)-0  chains  are  spontaneously  polarized  due  to  the 
formation  of  triangular  Pb-O  structures  [16].  Therefore,  these  characteristics  at  either  side 
of  the  MPB  indicate  that  the  Pb**  ion  in  cubo-octahedral  sites  plays  an  important  role  for 
the  lattice  softening  and  the  polarization  which  are  responsible  for  the  appearance  of  the 
MPB,  The  occurrence  of  the  MPB  might  therefore  be  connected  with  relief  of  the  lattice 
strain,  especially  shear  strain. 

3.  Ionic  Polarizability  Gap  at  MPB 

Goldschmidt  has  established  that,  for  a  given  structure,  the  possibility  of  substitution  in 
isomorphous  oxides  is  limited  to  a  certain  range  of  ion  sizes  and  polarizability^)  [26],  so 
the  chief  factor  underlying  the  appearance  of  the  MPB  would  be  the  influence  of  composition, 
especially  ratio  of  Zr  to  Ti.  on  the  ionic  polarizability.  To  our  knowledge,  however,  there 
is  no  system  with  phase  transition  boundary  due  to  the  polarizability.  The  effects  of  the 
ionic  size  and  electronegativity  will  be  negligible  for  the  components  close  to  the  MPB. 
Since,  moreover,  it  is  known  that  the  PZT  is  a  ferroelectric  solid  solution  without  vacancy 
like  KiTa.  Nb)Oj  [27],  we  can  omit  an  oxygen  vacancy  effect.  Thus,  the  ionic  polarizability 

7,  contributing  to  the  MPB  composition  is  calculated  by  the  Clausius-Mossotti-Lorentz- 
Lorentz  equation  under  extremely  small  short-range  repulsive  force  [28], 

,Vo*  E,  -  I  -  \  \t 

-  =  -  —  =  — -  — .  (3) 

3£o  £,  +  2  j?  n*  -t-  2  1? 

■*1  Burns  and  Scott  [121  have  reponed  that  displacive  ferroetecirics  such  as  Pb, .,La,Ti,.,jOj 
I  V  <  0.24)  do  not  behave  according  to  the  accepted  LST  theory.  However,  it  is  probably  out  of  question 
for  this  study  because  of  A  site  occupation  of  La  against  Zr  of  B  site  in  perovskite  ABO)  compound  (11). 

’)  Polanzability  describes  the  lability  of  these  electrons  when  induced  from  their  normal  positions, 
u  hile  the  polarization  describes  the  position  of  the  outer  electrons  with  reference  to  the  atomic  nuclei. 
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where  Avogadro's  number  Ng  =  NMiq  =  6.023  x  10^*,  £,  is  the  relative  dielectric  constant. 
Co  the  dielectric  constant  of  vacuum,  n  the  refractive  index,  provided  that  the  local  Mosotti 
field  applies  to  the  Pb(Zr,  TilOj  crystal.  In  fact,  the  O**  ions  in  ferroelectric  perovskite- 
struclure  crystal  do  not  necessarily  have  cubic  symmetry  and  the  local  field  factors  turn  out 
to  be  unusually  large  [29]. *)  However,  the  crystal  symmetry  of  the  compositions  near  the 
MPB  seems  to  be  close  to  the  cubic  environment  and  the  quadrupole  and  octupole 
polarizabilities  of  ions  will  be  small  (31.  32),  since  the  soft  mode  in  ferroelectric  transition 
IS  actually  characterized  by  a  negative  contribution  by  the  long-range  dipole-dipole 
interaction  (33).  Thus,  we  write  the  molar  polarizability  of  PZT  in  the  form 


t,  -  I 

c,  -t-  2 


—  (I.-  +  i.-  -I-  a,). 
3cq 


(4) 


where  a,,  and  a,-  are  the  electronic  polarizabilities  of  the  positive  and  negative  ions, 
icspectively.  At  optical  frequencies,  we  arrive  at  the  approximate  formula 


-  1 
+  2 


S 

=  —  (J.-  +  a.-). 

3£o 


(5) 


because  of  Xi  =  0.  Thus,  we  can  obtain  a^  by  subtraction  of  (5)  from  (4)  (34). 

Here  we  use  the  ceramic  dielectric  constant  data  at  4.2  K  (20)  and  single<rystal  refractive 
tndex  data  at  room  temperature.  It  is  expected  that  the  low  temperature  dielectric  data 
freeze  out  the  thermally  activated  contributions  such  as  domain  wall  and  defect  effects  to 
the  dielectric  properties  (20).  The  refractive  indices  of  the  solid  solution  Pb(Zr,  Ti)Oj  may 
not  differ  so  much  from  intermediate  values  of  PbTiOj  (n  *=  2.6)  (35)  and  PbZr03  (n  =  2.2) 
(36)  crystals,  so  these  indices  are  interpolated  with  linear  allocation  of  these  values  for 
PbTiOj  and  PbZrOj  (37).  The  numbers  of  each  ion  per  unit  cell  (m’)  are  \,'5ab^  and 
1  3.5a^(l  -  icos^O  4-  2cos^0)‘  ’  {6  is  the  rhombohedral  angle)  for  tetragonal  and 
rhombohedral  regions,  respectively.  In  the  rhombohedral  case,  we  take  a  covalency  of 
alternating  (Ti-ZrlOj  and  PbOj  dipoles  which  align  with  the  (111)  direction  (Fig.  5  in  (16)1 
into  consideration  and  ignored  the  effect  of  the  |Zr.Ti)-0  chains,  because  the  (Zr,  Ti)-0 
chains  retain  only  minor  significance  for  the  ferroelectricity  as  a  result  of  the  reduced  titanium 
content  (16).  The  unit  cell  volumes  of  the  solution  Pb(Zr^Ti,  .^lOj  are  calculated  using 
room  temperature  lattice  parameters  of  pure  homogeneous  polycrystalline  samples  from 
sol-gel  derived  powders  (7).  since  the  parameters  are  almost  constant  in  the  temperature 
region  from  4.2  K  to  room  temperature  (38). 

Ionic  polarizabilities  for  Pb(Zr,Ti,  ..tOj  solid  solution  are  also  presented  in  Fig.  1,  where 
a  gap  of  the  polarizability  appears  near  the  MPB  composition  (.x  <=  0.535).  This  gap  suggests 
that  appearance  of  the  MPB  anses  from  the  difference  of  large-range  dipole  moments 
between  the  tetragonal  and  rhombohedral  ferroelectric  crystals.  If  so,  the  MPB  in  PZT 
would  be  the  first  case  of  the  phase  transition  boundary  due  to  polarizability. 


4.  Strain  Relief  and  Band  Crossing 

As  mentioned  in  review  (6).  the  PZT  ceramics  near  the  MPB  behave  as  semiconductor  and 
show  an  increase  of  conductivity.  This  variation  is  quite  analogous  to  the  composition- 
induced  semiconductor-insulator  (S-I)  transition  in  ferroelectric  (BaTi03), -jlRjOj), 

•)  The  deiailed  calculaiion  must  use  the  general  quantum-mechanical  formula  for  a  localized  system, 
taking  the  occupied  and  available  exnied  orbitals  inio  consideration  [30|. 
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(R.  Sm.  Gd,  and  Ho,  0.0015  <  >■  <  0.003)  (39).  The  conduction  in  the  PZT  is  by  a  band 
transport  mechanism,  by  a  charge  transfer  process  such  as  occurs  in  lithium-doped  NiO  140). 
or  by  an  exchange  process  through  the  anions.  .Although  the  question  of  whether  a 
conduction  band  exists  in  PZT  cannot  be  answered  at  the  present  time,  it  probably  results 
from  a  change  m  band  overlap  with  a  structure  change.  If  two  bands  either  cross  or  uncross  as 
a  function  of  an  external  variable  such  as  pressure,  then  the  S-1  transition  will  occur  (4]}. 
Amin  et  al.  [42]  have  reported  that  the  tetragonal -rhombohedral  phase  transition  can  be 
induced  in  the  morpholropic  PZT  compositions  by  the  application  of  a  relatively  small 
hydrostatic  pressure,  because  the  ferroelectric  properties  are  related  to  a  hydrostatic  stress 
on  the  ions  in  the  B  position  of  the  perovskite  ABOj  compound  [43j;  the  position  of  the  Vf  PB 
moves  towards  PbZr03  and  PbTiOj  compositions  with  increasing  compressive  and  tensile 
hydrostatic  pressure,  respectively  (42).  Therefore,  there  is  a  possibility  that  the  two  bands 
cross  due  to  the  relief  of  strain  in  phase  transition  from  tetragonal  to  rhombohedral  on  the 
MPB  composition.  There  are  several  materials  such  as  Ca  [44],  Yb  [45],  and  CdS  [46]  in 
which  a  band  uncrossing  does  occur  with  increasing  pressure. 

On  the  other  hand,  the  tetragonal -rhombohedral  phase  transition  is  directly  connected 
with  the  softening  of  the  lowest  phonon,  as  described  above.  Thus,  the  PZT  near  the 
M  PB  composition  has  two  contradictory  characteristics,  semiconduction  and  softening  of 

phonon.  For  this  reason,  the  effect  of  screening  of  the  long-range  dipole-dipole  interaction 
by  the  electrons  might  be  dominant  over  that  of  the  short-range,  by  the  positive  Coulomb 
forces,  and  of  the  “chemical"  elTects  by  introducing  either  impurities  or  oxygen  vacancies  [47]. 

Judging  from  these  discussions,  the  coupling  of  the  electronic  system  to  lattice  distortions 
would  be  suBiciently  strong  and  the  relevant  phonon  mode  would  be  sufTtciently  “soft".  In 
order  to  explain  simultaneously  both  behaviors  of  the  dielectric  permittivity  and  the 
conductivity  in  the  composition  near  MPB  on  the  basis  of  quantum  mechanics,  the  lowest 
Hartree-Fock  state  for  the  transition  must  involve  a  combination  of  a  lattice  distortion  and 
an  oscillatory  electronic  polarization.  The  detailed  study  will  be  addressed  in  the  next  paper. 
In  addition,  assuming  from  these  discussions,  it  will  be  difTicult  to  get  single  PZT  crystals 
with  MPB  composition,  as  pointed  out  by  ikeda  and  Fushimi  (48). 
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A  three^limensional  Landau-Ginzburg  model  has  been  constructed  to  describe  the  tetragonal  twin 
structures  resulting  from  a  first-order  0*-C4,  proper  ferroelectric  phase  transition  in  perovskites.  The 
model  takes  into  account  the  nonlinear  and  nonlocal  characteristics  of  the  polarization  (order  parame¬ 
ter)  as  well  as  the  electromechanical  coupling.  (Juasi-one-dimensional  (QID)  analytic  solutions  for  the 
space  profiles  of  the  order  parameter  are  obtained  for  a  ISOT  tsvin  and  for  a  charge-neutral  9(T  twin  with 
a  special  choice  of  parameters.  Without  the  presence  of  interfacial  defects,  such  as  dislocations,  the  QID 
solutions  require  the  support  of  inhomogeneous  mechanical  constraints.  Elastic  deformation  and  dimen¬ 
sional  changes  associated  with  the  twin  structures,  and  their  implications  on  the  piezoelectric  effect  in 
ferroelectric  ceramics,  are  also  addressed. 


L  INTRODUCTION 

Many  important  ferroelectric  materials,  such  as 
PbTiOj,  BaTi03,  (Pb,_  r^lTiOj  (PZT],  etc.,  have 
perovskite  structure  (AB-t'j).'  The  prototype  phase  is 
cubic  with  symmetry  group  O/,,  which  transforms  to  a 
ferroelectric  tetragonal  (C4,)  or  rhombohedral  (Cj^) 
structure  upon  cooling.  In  certain  materials  there  are 
several  low-temperature  ferroelectric  phases,  so  that  the 
stable  structure  of  a  material  depends  on  the  given  tem¬ 
perature  range. 

These  thermally  induced  structural  phase  transitions 
are  usually  displacive,  and  there  are  several  low- 
temperature  variants  associated  with  each  phase  transi¬ 
tion.  For  instance,  there  are  six  and  eight  variants  in  the 
tetragonal  and  rhombohedral  phases,  respectively,  upon 
transforming  from  cubic.  These  variants  are  energetical¬ 
ly  equivalent;  therefore,  twinning  between  these  variants 
is  a  common  phenomenon  under  natural  conditions.  For 
single  crystals  with  free  boundary  conditions,  twinning 
may  be  eliminated  through  (electric  or  mechanical)  field- 
induced  domain  switching  between  these  low- 
temperature  variants.  However,  twinning  cannot  be  el¬ 
iminated  for  a  confined  system,  such  as  grains  in  a  ceram¬ 
ic,  because  unit-cell  distortions  are  usually  associated 
with  these  ferroelectric  transitions,  domain  switching 
could  generate  large  elastic  energy.  Although,  for  some 
materials,  a  single  phase  may  be  achieved  under  a  very 
large  electric  field,  twinning  will  reappear  when  the  exter¬ 
nal  field  is  removed  in  order  to  release  some  of  the  elastic 
strain  sc  as  to  minimize  the  total  system  energy.  For  oth¬ 
er  materials,  twinning  cannot  be  driven  out  by  the  elec¬ 
tric  field  before  the  solid  is  shattered. 

The  existence  of  these  twinning  structures  often 
changes  the  mechanical  and  electrical  properties  of  a  fer¬ 
roelectric  material  substantially.  There  are  considerable 
experimenul  studies  being  carried  out  in  this  regard^'^ 
and  some  phenomenological  theories  were  also 
developed.*'*  However,  in  order  to  understand  the 
physical  process  associated  with  the  twinning 


phenomenon,  one  has  to  go  down  to  the  microscopic  lev¬ 
el  to  see  how  the  lattices  move  in  forming  a  twin  struc¬ 
ture  and  how  they  interact  with  each  other.  To  this  end, 
it  is  es.!Kntial  to  know  the  structure  of  a  twin  boundary, 
including  its  stable  space  profile,  energy  density,  and  as¬ 
sociated  elastic  distortions.  In  this  paper,  we  will  calcu¬ 
late  these  physical  properties  for  a  ferroelectric  twin 
boundary  by  using  a  Landau-Ginzburg  type  of  continu¬ 
um  theory.  The  problem  we  are  dealing  with  is  a  first- 
order  cubic  to  tetragonal  proper  ferroelectric  transition, 
which  appears  in  systems  such  as  BaTi03,  PbTi03,  and 
some  PZT  compositions. 

There  are  six  tetragonal  variants  upon  transforming 
from  cubic;  they  can  form  three  different  kinds  of  twin¬ 
ning  structures:  (1)  18(r  twins,  for  which  the  polariza¬ 
tions  in  the  two  domains  have  the  same  magnitude  but  in 
opposite  directions,  (2)  90“  twin  with  a  charge-neutral 
domain  wall,  for  which  the  polarizations  in  the  two 
domains  are  (almost)  perpendicular  to  each  other  with 
head  to  tail  configuration,  and  (3)  90*  twin  with  a  charged 
domain  wall,  for  which  the  polarizations  in  the  two 
domains  are  perpendicular  to  each  other  and  with  either 
head-to-head  or  tail-to-tail  configurations.  It  has  been 
verified  that  the  third  kind  of  twin  structure  is  unstable 
and  will  transform  into  the  second  kind  with  a  zigzag 
twin  boundary.’ 

Several  authors*''”  have  attempted  to  model  the  struc¬ 
ture  of  ferroelectric  domain  walls  by  using  the  Landau- 
Ginzburg  theory;  however,  those  models  are  either  one 
dimensional  or  three  dimensional  with  gradient  terms  in 
the  free-energy  expansion  not  obeying  the  symmetry  re¬ 
quirement.  Moreover,  the  focusing  point  was  on  the  first 
kind  (180*)  of  twins  only.  It  has  been  pointed  out  that  a 
one-dimensional  model  is  not  adequate  for  describing  a 
three-dimensional  solid."  A  quasi-one-dimensional 
(QID)  solution  can  be  obtained  only  under  certain  con¬ 
straints  when  unit-cell  distortions  are  involved.  We  have 
taken  all  of  these  points  into  account  in  our  three- 
dimensional  model  described  in  this  paper,  which  can 
give  a  full  description  of  both  the  first  and  the  second 
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kind  of  domain  walls  mentioned  above.  Analytic  expres¬ 
sions  of  the  order-parameter  profiles  for  a  1 80*  twin  and  a 
90*  twin  were  derived,  although  special  parameters  were 
chosen  in  order  to  get  the  90*  twin  solution.  The  bound¬ 
ary  conditions  and  the  associated  shape  change  were  also 
addressed  in  our  model.  The  expansion  coefficients  in  the 
free-energy  equation  (2. 1 )  can  determined  experimen¬ 
tally,  which  enables  one  to  apply  the  present  model  to  a 
real  system.’^ 

This  paper  is  divided  into  six  sections.  We  introduce 
the  theoretical  model  in  Sec.  II.  Sections  III-V  are  the 
solutions  for  the  tetragonal  phase  with  a  homogeneous 
structure,  180*  twin,  and  90*  twin,  respectively.  Section 
VI  contains  the  summary  and  conclusions. 


n.  THEORETICAL  MODEL 

The  order  parameter  for  describing  the  proper 

ferroelectric  phase  transition  is  the  polarization  vector  P. 
The  free-energy  density,  which  is  invariant  under  O* 
symmetry,  can  be  written  as 

+FciP„Vkj)+pG(Pi.j)  ■  ai) 

We  should  emphasize  here  that  P  is  the  material  measure 
of  polarization  which  ensures  the  invariant  nature  of  the 
free  energy.*^  The  first  term  in  Eq.  (2.1)  is  the  Landau- 
Devonshire  free  energy: 


FL{P,)=ai{P]+Pl  +  P\)+au(P\+Pl+P])^+a^2{P]Pl+PlPl  +PjP^)+a„,(Pt+f*2+^j) 

+a^^2[P*^{P\+P])+P\{P]+P])+P\^P]+P\)]+a^^iP\PlPl  ,  (2.2) 

where  a,,  is  negative  for  describing  a  first-order  transition.  The  second  term  in  Eq.  (2.1)  is  the  elastic  energy  of  the  sys¬ 
tem, 

C,, 

Pti^Vki)  =  —^vh  +  vl2  +  vli^  +  Ci2(y]uVii+Vun3i  +  ViiVii)  +  2C^^{Tt\2  +  ri\i  +  r)li)  .  (2.3) 

ijt;  =  {(«*,  +  «,  4 )  (A:,/ =  1,2,3)  is  the  linear  elastic  strain  tensor  which  serves  as  a  secondary  order  parameter  here, 
is  the  component  of  elastic  displacement,  are  the  second-order  elastic  constants.  The  third  term  in  Eq.  (2.1) 
represents  the  coupling  between  the  primary  and  the  secondary  order  parameters: 

-2q44(l7l2^1^2  +  ’7l3^1^3  +  ’)23^2/*3)  »  <2.4) 


are  the  electrostrictive  constants.  The  fourth  term  in 
Eq-  (2.1)  is  the  gradient  energy  of  the  '.owest-order  com¬ 
patible  with  the  cubic  symmetry,  which  has  the  invariant 
form 

Pc^P,j)  =  \gu^Pix+Pi2+PU) 


They  are  the  bulk  and  shear  elastic  constants  and  elec¬ 
trostrictive  constants,  respectively. 


m.  STATIC  EQUILIBRIUM  CONDITIONS 
AND  THE  HOMOGENEOUS  SOLUTIONS 


l.\P  2.2'^P  l.lP  3.1'^P  2.2P  3.3* 

+  ^I(^I.2+/’2..)'  +  </’l.3+/’3.l)' 


The  static  equilibrium  conditions  can  be  derived  from 
the  total  energy  expansion  by  using  variational  method, 
which  gives  rise  to  the  Euler  equations  for  the  primary 
and  secondary  order  parameters: 


-•-(^2,3 +^3.2 >^]  •  <2.5) 

All  the  expansion  coefficients  in  Eqs.  (2.2)-(2.S)  are  as¬ 
sumed  to  be  independent  of  temperature  except  O)  in  Eq. 
(2.2),  which  signifies  that  the  transition  is  proper  fer¬ 
roelectric. 

For  convenience  we  define  the  following  new  constants: 


^11  ~^ii  ■<'2Cij  , 

(2.6a) 

^22~^n  “^12  > 

(2.6b) 

"=911+29,2  , 

(2.7a) 

922~9ii  ~9i2  • 

(2.7b) 

dF 

3^3 


-■ 1^=0  (m  =  1.2,3). 


a 


tot  _ 

iJJ 


_3F 


=0  {/,;•=  1,2,3)  . 


(3.1) 

(3.2) 


The  Cauchy  stress  tensor  cr,^  includes  contributions  from 
the  pure  elastic  response  and  the  electrostrictive  effect. 

In  order  to  avoid  the  complication  of  defects,  we  only 
consider  the  case  for  which  no  dislocations  and  disclina- 
tions  are  generated  in  the  structural  phase  transition, 
which  means  that  the  following  compatibility  relations'* 
must  also  be  satisfied: 


^ikl^jmnVln.km  <*  (*iy>Ac,/,m  ,n  -1,2,3)  , 


(3.3) 
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where  is  the  permutation  symbol  (or  Levi-Civita  den¬ 
sity). 

For  a  homogeneous  system,  all  physical  quantities  are 
uniform  in  space,  hence,  Eq.  (3.3)  becomes  trivial  and 
Eqs.  (3.1)  and  (3.2)  reduce  to  the  following  simple  equa¬ 
tions; 


II 

o 

(3.4) 

a|“=const=0  . 

(3.5) 

We  have  set  the  constant  in  Eq.  (3.5)  to  zero,  assuming 
that  the  system  being  studied  is  free  of  external  stresses. 

Equations  (3.4)  and  (3.5)  can  be  easily  solved,  there  are 
four  different  temperature  ranges  which  we  will  discuss 
separately.  It  is  customary  to  assume  that  a,  depends 
linearly  on  temperature,  i.e.,  a^=a^(T—TQ),  where  Oq  is 
positive  definite,  then  the  solutions  for  the  homogeneous 
system  are  the  following. 

(i)  For  T>T^  where 

a*,,' 

Ti=To  +  — - —  , 

3aoOiii 

9ll 

6e„  ’ 

Vij~^  (i,y~l,2,3). 

(3.6) 

only  the  cubic  phase  exists. 

(ii)  For  Tx>T>Tf,  where  r,  =  ro‘('®*u^ 
there  are  two  solutions: 

(a)  P,=0,  i,,y=0  (i,/  =  1,2,3) 

(3.7) 

and 


(b)  P=(±Po.O,0),(0,±/>o.O),(0,0,±Po)  (3.8) 

with 

„  _  -oi|-*-(°'ii^-3a,a,i,)'^  ]'^ 

3a, „ 


cubic  and  tetragonal  phases  are  equal. 

(iii)  For  ^  r>  Tq,  solutions  (a)  and  (b)  in  (ii)  exist, 
but  in  this  temperature  region  the  tetragonal  phase  be¬ 
comes  thermodynamically  stable  and  the  cubic  phase  be¬ 
comes  metastable. 

(iv)  For  T  <  Tq,  only  the  tetragonal  phase  exists  [solu¬ 
tions  (b)  in  (ii)]. 

IV.  180*  TWIN  SOLUTION 

Twinning  exists  because  of  the  coexistence  of  several 
energetically  degenerate  variants  in  the  low-temperature 
phase.  The  domain  wall  represents  a  transition  region  be¬ 
tween  two  tetragonal  variants,  where  the  lattice  structure 
is  distorted,  so  that  the  formation  of  domain  walls  intro¬ 
duces  inhomogeneity  to  the  system.  The  180*  twins 
represent  one  kind  of  inhomogeneous  structure,  which 
consists  of  two  variants  whose  polarizations  are  180*  out 
of  phase.  The  tetragonal  axes  of  these  two  domains  are 
the  same.  A  continuous  space  profile  of  a  180*  twin  can 
be  obtained  by  solving  Eqs.  (3.1)-(3.3)  under  specified 
boundary  conditions.  Taking,  for  example,  the  two  vari¬ 
ants  (0,0,  ±Po)  to  form  a  [100]  180*  twin,  the  boundary 


conditions  are 

lim  P3(x,)=±Po  , 

X,  —iOB 

(4.1) 

lim  a -^(x ,  )=0  for  ly  =  1 1 , 22, 33  , 

X,— ' 

(4.2) 

a)f(x,)=0  for  ly  =  23, 13,12  . 

(4.3) 

Here  Eq.  (4.1)  states  that  the  polarization  component 
Pj(X| )  should  match  one  of  the  two  values  corresponding 
to  the  two  variants  far  from  the  domain  wall;  Eqs.  (4.2) 
and  (4.3)  represent,  respectively,  that  the  system  is  free 
from  mechanical  stresses  in  the  homogeneous  region 
(|x,|->ao )  and  there  are  no  shear  stresses  in  the  entire 
system. 

We  assume  a  QID  solution  exists  and  make  the  follow¬ 
ing  ansatz  for  the  primary  and  secondary  order  parame¬ 
ters. 


hi 

^2^22 

e„ 

(3.10) 


P=(0,0,P,(x,))  , 
ViJ  ^  • 


(4.4) 

(4.5) 


1“ 


(3.11) 


Vij=0 


(3.12) 


Here  and  are  the  normal  strain  components  in  the 
directions  parallel  and  perpendicular  to  the  tetragonal 
axis  in  each  of  the  three  tetragonal  states,  respectively. 

Solution  (a)  represents  a  thermodynamically  stable  cu¬ 
bic  phase  and  (b)  indicates  that  an  additional  tetragonal 
metastable  phase  also  exists  in  this  temperature  region. 
This  metastable  phase  can  be  stabilized  to  become  the 
ferroelectric  phase  with  further  cooling.  T,  is  the  phase- 
transition  temperature  at  which  the  free  energies  of  the 


Substituting  Eqs.  (4.4)  and  (4.5)  into  Eqs.  (3.1)-(3.3)  gen¬ 
erates  a  second-order  nonlinear  differential  equation  for 
P(x,) 

2a,  Pj  +4a,,P3 +6a,,,P3  — g,|P 3_,,  =0  (4.6) 

with 


C|2 

— <7  T7  + 
''II 

9ii  7:~9i2 
''II 

’ll 

“"~“"*2c;7- 

Equation  (4.6)  has  a  kink  solution'^ 
boundary  condition  (4. 1 ) 


(4.8) 

which  satisfies  the 
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foSinh(x,/gm) 

\  I  '  «  >  I  t 

[  A  +sinh^(x, 

where  sinh(y)  is  the  hyperbolic  sine  function  and 

t  V^Iii 

(2aiiiFo+an) 


(4.10a) 


(4.10b) 


The  elastic  strain  field  associated  with  the  ISO*  twin  solu¬ 
tion  can  be  derived  from  Eqs.  (3.2)  and  (3.3)  together  with 
the  QID  solution  (4.9), 


Vl2~Vl  • 

Vn=li- 

^12“0  » 
’)U  =  0  . 
1)23=0  . 


C|i  'sinh^(jc,/|:„o) 


(4.1  la) 
(4.11b) 


(4.11c) 


(4.  lid) 
(4.1  le) 
(4.1  If) 


The  kink  solution  (4.9)  gives  the  continuous  space  profile 
of  polarization  for  a  180*  twin  in  the  tetragonal  phase.  A 
planar  domain  wall  which  bridges  the  (0,0, -Pq)  tittd 
(0,0, Pq)  states  is  located  at  x,  =0  in  our  coordinate  sys¬ 
tem.  Note  that  the  strain  components  Eqs. 
(4.1  la) -(4. Ilf)  were  derived  under  the  assumption  that 
the  twin  structure  is  free  of  defects,  i.e.,  the  distortion 
caused  by  the  presence  of  a  domain  wall  is  purely  displa- 
cive,  no  atoms  are  lost  or  gained  in  forming  the  twin.  It 
can  be  seen  from  Eqs.  (4.11a)-(4.11f)  that  all  the  strain 
components  of  a  twin  structure  are  the  same  as  those  for 
a  single  domain  tetragonal  system  except  ijh  [Eq. 
(4.11c)].  In  other  words,  the  distortion  caused  by  the 
QID  domain  wall  is  only  in  the  x,  direction.  The  dis¬ 
placement  u  with  respect  to  the  cubic  structure  can  be 
easily  integrated  from  Eqs.  (4.1  la)-(4.1  Id), 

T/iX,  +A« 

u=  Ji^xj  (4.12) 

V,X} 


the  180*  wall,  with  the  amount  of 

AL,  =  -2-J^|,|,goarctanh  -j-  .  (4.15) 

^ii  I  SI 

It  was  proved"  that  the  dimensional  changes  are  corre¬ 
lated  under  the  elastic  compatibility  constraints,  Eq. 
(3.3).  Therefore,  in  order  to  sustain  the  displacive  change 
in  the  X|  direction  without  affecting  the  other  two  dimen¬ 
sions,  we  need  to  apply  inhomogeneous  stresses  on  the  la¬ 
teral  surfaces;  these  required  stresses  are 


jlai— 

^  1  + A  ~’sinh^(x,/|,3o) 

(4.16) 

,o,_  t9n  "^^12/^11^12)^0 
l  +  A‘'sinh^(x,/|,jo) 

(4.17) 

Au  =  — 


It  is  interesting  to  compare  the  180*  twin  solution  here 
with  the  antiphase  solution  obtained  in  Ref.  16.  Al¬ 
though  the  forms  representing  the  coupling  between  the 
order  parameter  and  the  elastic  strain  were  taken  to  be 
identical  (determined  by  the  cubic  symmetry)  in  the  two 
cases,  the  underlying  physics  is  different.  For  the  anti¬ 
phase  solution,  the  rotation  axes  of  the  octahedra  are  the 
same  in  the  two  domains  divided  by  an  antiphase  bound¬ 
ary,  which  implies  that  the  tetragonal  axis  must  be  per¬ 
pendicular  to  the  antiphase  boundary  plane;  but,  for  the 
180*  ferroelectric  twin  discussed  here,  charge  neutrality  is 
a  prerequisite  to  ensure  a  stable  static  configuration, 
which  means  that  the  polarization  vectors  and,  hence,  the 
tetragonal  axes  of  the  two  domains  are  parallel  to  the 
twin  boundary  plane.  As  a  consequence  of  this 
difference,  the  normal-surface  stresses  required  in  the  two 
lateral  directions  for  supporting  the  QID  solutions  be¬ 
come  distinct  for  the  ISOT  ferroelectric  twin  but  are  the 
same  for  the  antiphase  solution.  Another  obvious 
difference  between  the  two  cases  is  the  functional  form  of 
the  order-parameter  profile:  a  ^*-type  kink  (second-order 
phase  transition)  in  Ref.  16  but  a  ^‘-type  kink  (first-order 
phase  transition)  in  this  paper.  In  addition,  since  the 
coupling  constants  qn  and  912  (R|  and  £2 
have  opposite  sign,  the  antiphase  boundary  induces 
shrinkage  but  the  180*  twin  boundary  causes  expansion  in 
the  dimension  along  the  twin  (antiphase)  boundary  nor¬ 
mal. 

There  is  a  certain  amount  of  energy  stored  in  the  180* 
domain  wall.  We  define  the  energy  density  per  unit  area 
for  a  single  domain  wail  to  be  Sug;  which  is  a  function  of 
temperature  only  and  is  given  by 


^  ^  j  aiUlc  %/UMj  «uiu 

^rU, K£,‘rcunb  ,  «.U)  =  . 


Si=  5+ 


OiiFo 


Since  the  eiectrostrictive  constant  9,2  is  usually  negative, 
there  is  an  expansion  in  the  x  |  dimension  associated  with 


Here  Fg  is  the  energy  density  of  a  homogeneous  system  at 
a  given  temperature.  The  integration  of  Eq.  (4.18)  can  be 
carried  out  by  substituting  the  solutions  (4.9)-(4. 11) 
into  Eq-  (2.1).  After  some  algebra,  a  closed  form  can  be 
obtained. 


F  inr  ~ 


2«ii 

1/2 

,02.^ 

«iii 

2 

**  0  ^ 

“ill 

arc-inh 

(2P5+ar,/a,„)'^' 
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FIG.  1.  180*  twin  solution,  (a)  Illustration  of  polarization 
and  unit-cell  distortion  in  a  180*  twin  structnre  represented  by  a 
continuum  solution,  (b)  Space  profile  of  normalized  polariza¬ 
tion  F/Fq  (curve  1)  and  normalized  inhomogeneous  com¬ 
ponents  of  strain  ~(C,,/^ijFo)(iji|— iJi),  and  stresses 
(C'li/^a^uFolaS'  and  -(Cu/C,,  (curve 

2). 


For  T<Tg,  Eittf  is  positive  definite  (see  arguments 
below),  so  that  a  twin  structure  has  higher  energy  com¬ 
pared  to  a  single  domain  structure.  As  mentioned  above, 
external  constraints  are  needed  to  stabilize  base  twin 
solution;  these  are  often  provided  by  surface  stresses  or 
intergranular  interaction  in  a  polycrystal  (or  ceramic) 
system.  It  should  be  pointed  out  that  defects  play  a  very 
important  role  in  stabilizing  the  twin  structures  in  a  real 
system,  but  it  is  beyond  the  scope  of  this  paper. 

In  Fig.  Kb)  are  plots  of  polarization,  strain,  and  stress 
profiles  in  dimensionless  form,  each  physical  qiuntity  has 
been  rescaled  with  a  different  scaling  factor.  The  polar¬ 
ization  and  unit-cell  distortion  represented  by  the  solu¬ 
tions  are  illustrated  in  Fig.  1(a). 

- —  1 


V.  90"  TWIN  SOLUTION 

The  other  type  of  stable  twin  structure  in  the  tetrago¬ 
nal  phase  besides  the  180*  twin  is  the  90*  twin,  which  con¬ 
sists  of  two  domains  whose  tetragonal  axes  (or  polariza¬ 
tions)  are  (almost)  perpendicular  to  each  other.  Since  the 
twin  structure  with  charged  twin  boundary  (with  polar¬ 
izations  head-to-head  or  tail-to-tail)  has  additional 
Coulomb  energy,  only  the  twin  structure  with  charge 
neutral  boundary  (head-to-tail  configuration)  is  a  stable 
configuration  for  the  9(r  twin. 

We  consider  a  twin  structure  of  the  two  following  vari¬ 
ants:  P|=(Pq,0,0)  and  P2=(0,Fq,0),  with  the  twin 
boundary  oriented  in  [110].  It  is  convenient  to  work  in  a 
new  coordinate  system  (s,r,*j)  which  is  a  45*  roution  of 
the  JCj-Xj  plane  around  X3.  TTie  two  coordinate  systems, 
the  structure  and  the  polarization  configurations,  are 
shown  in  Fig.  2.  We  choose  a  system  with  its  dimension 
along  the  s  coordinate  much  larger  than  the  other  dimen¬ 
sions  in  order  to  set  up  the  boundary  conditions 
(L,~»  »L,,Li),  and  assume  that  the  space  profile  of 
the  polarization  vector  of  the  system  is  quasi-one- 
dimensional,  i.e.,  it  depends  on  the  space  variable  s  only. 
Our  goal  is  to  seek  solution  of  the  kind 
P=[F|(s ),F2(s),0)  for  the  90*  twin  structure,  which 
satisfies  the  boundary  conditions 


lim  P=(Po,0,0) 
and 

lim  P=(0,Po.O). 

I— •  4^  ae 

In  order  to  use  this  QID  nature  to  our  advantage,  we 
will  convert  all  quantities  into  the  new  coordinate  system, 
the  polarization  becomes  P=[F,(s),F,(j),0],  and  the  free 
energy  of  this  90*  twin  can  be  written  as 


G  G 

(fc,/=r,s,x,) , 


(5.1) 


where 


Ca=(«ii+ffi2  +  2g*4)/2,  (5.2a) 

G'„='(gi|-g,2)/2  .  (5.2b) 


Fg|(ij*;)  and  FflP^.P,.!?*/)  are  the  elastic  and  coupling 
energies  [Eqs.  (2.3)  and  (2.4)],  respectively,  in  the  new 
coordinate  system. 

The  boundary  conditions  as  j  — ►  ±  00  are,  for  the  polar¬ 
ization  and  strain  components,  respectively. 


lim  P,  =  -~  , 
,-.±«  *  \/2 


{5.3a) 


lim  F, 

I-*!:* 


(5.3b) 


I  — — — - - 

lim  lim  ij„  (5.3c) 

=%+li)/2  ,  (5.3d) 

lim  t7„  =  ±(i?,-i72)/2  .  (5.3e) 

In  addition,  there  should  be  no  mechanical  constraints  in 
the  single  domain  states  (5— >±00  )  and  no  shear  stress  in 
the  X3  direction.  These  arguments  lead  to  the  mechani¬ 
cal  boundary  conditions 

lim  a|“‘(s)=0  {iJ=r,s,Xi)  ,  (5.4) 


O^.3  =  ‘^r3=0  .  (5.5) 

The  compatibility  relations  (3.3)  give  three  nontrivial 
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FIG.  1.  (001)  cross  section  of  a  90*  twin  crystal  with  a  twin 
boundary  at  s  ~0.  The  orientation  of  the  new  and  old  axes  are 
shown  in  the  figure,  and  the  directions  of  the  polarizations  in 
the  two  domains  are  also  indicated. 


constraints  for  the  twin  solution.  They  are,  in  the  new 
coordinate  system. 


9,r.a=0  , 

{5.6a) 

W 

i: 

II 

0 

(5.6b) 

9a.a=0  . 

{5.6c) 

These  equations  (5.6a)-(5.6c)  together  with  the  boundary 
conditions  (5.3)  and  (5.5),  can  determine  four  of  the  six 
independent  strain  components;  they  are 

(5.7a) 

9rr  =  T(9|  +  9i)  . 

(5.7b) 

933  =  ^1  • 

(5.7c) 

These  four  components  are  constants  in  space  since  the 
quantities  ri^  and  functions  of  temperature  only. 

The  other  two  of  the  six  independent  strain  components 
are  inhomogeneous  and  strongly  coupled  to  the  primary 
order  parameter.  From  Eq.  (3.2)  and  the  boundary  con> 
ditions  (5.4),  we  have 

9„=(?22/^22)/’.^r  . 

9i,  =  7<^l  +  ^l) 

(5.8) 

-^|(9i.+9.2)[/’5-(^’/+^')1 

-,«(P/-P/)1  , 

(5.9a) 

where 

Cji 

(5.9b) 

By  using  these  strain  solutions  and  the  definitions  of  q, 
and  qp  we  can  explicitly  write  the  equilibrium  conditions 
(3.1)  in  the  rotated  coordinate  system: 

=  2a',P,+4a1,/>/+4al';/>,/»; 


+  i(15a,„-a„2)/’,^*  .  (5.10a) 

=2a^?, +4a;,P,'+4ar,i>,P/ 


+  1(15oiii-Oii2)/>,P/. 


wh'^re 

o^=Oi- 


1  ?ii  .  1 


22 


3  eii  6  e22 

(9ii+9i2)(flii +912+944) 


o;=Oi- 


4C„ 

2 


p2 

r  0  . 


1  ^11  1  ^22 


3  ^11  ^  ^22 

(9||+9|2)(9||+9|2~944) 

4C„ 


p2 

r  0  # 


“i|-“it  + 

012 

(911+912+944) 

4 

8C„ 

0|2 

(911+912-944)^ 

a,,-a,|  + 

4 

00 

“12 

(9ii+9»2)*-944 

“11  0|l 

4 

8C. 

2e, 


(S.lOb) 


(S.lla) 


(S.lib) 

(5.11c) 

(5.1  Id) 

(5.1  le) 


In  general,  Eqs.  (5.10a)  and  (5.10b)  have  to  be  solved  nu* 
merically.  All  the  coefficients  may  be  determined  from 
dielectric,  elcctrostrictive,  and  elastic  measurements,  and 
from  phonon  dispersion  curves  for  a  given  system.  We 
will  show  this  numerical  procedure  elsewhere.'^ 

Putting  the  quantitative  individual  characters  of  each 
specific  system  aside  in  the  following,  we  will  abstract  the 
common  features  of  a  90*  twin  solution  by  choosing  some 
of  the  parameters  to  special  values.  For  instance,  if 


an=0. 


(5.12) 


15<Jiiii ~®ii2  »  (5.13) 

then  we  can  obtain  analytic  solutions  for  P,  and  P,  from 
Eqs.  (5.10a)  and  (5.10b), 


_  ]  sinh(s/^,o) 

[B+sinh^(s/^^)]'^  ’ 


(5.14a) 

(5.14b) 


where 


Gn 

6a„|Po+a 

^iii^o+°n 
4^*111^0  +“Ii 


II 


(5.15a) 

(5.15b) 
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The  two  inhomogeneous  strain  components,  Eqs.  (S.8) 
and  (5.9),  now  become 


sinh(  5/^90) 

(J+sinh^(5/^«,)]‘^  ’ 


(5.16a) 


^15 


^0  ,  ^  _  ,  1 
4C„  l+5-'sinh^(s/§«,)  ‘ 


(S.16b) 


Equation  (5.16a)  describes  the  shape  change  (or  bending) 
caused  by  the  90*  twinning  and  Eq.  (5.16b)  indicates  a  di¬ 
mension^  change  in  the  s  direction  with  the  total  amount 
of 


AL,  =  - 


2C„ 


(9ii‘*‘9i2~944) 


B 


B-\ 


1/2 


ln(/B  -t-v^T^)  .  (5.17) 


Note  the  mathematical  forms  of  Eqs.  (4.15)  and  (5.17)  are 
interconvertible.  The  two  position-dependent  normal 
strain  components,  which  are  required  to  support  the 
QID  solution,  are  given  by 


pi 

‘"-=77?"t2C«,(g„-hg,j)-KC„+C,j)944] 

4C„ 


l+5~‘sinh^(i/|%)  ’ 


(5.18a) 


pi 


l+B~'sinh^(j/|,o> 


(5.18b) 


Similar  to  Eqs.  (3.18)  and  (3.19),  the  energy  density  stored 
in  this  90*  domain  wall  can  be  obtained  from  the  analytic 
solution,  (5.14a)  and  (5.14b), 


E<Kr~ 


G„ 

1/2 

aliPo 

3P^-h 

1/2 

a?i 

2am 

4 

2am 

16a„,  “') 

arcsinh 


(2i»J+a;,/2a,„) 


1/2 


(5.19) 


For  a  static  configuration,  >  0,  which  may  not  be 

obvious  from  Eq.  (5.19)  but  can  be  proved  to  be  true  for 
more  genera)  cases.  According  to  de'iT’ition  we  can  write 
the  energy  density  of  the  90*  domain  wall  as 

£9(r  =  /'“  (f(F.,F,;)-Fi(Fo)]* 

^  —m 

=  2/"  (Fi.(F,)-Ft(Fo)l</i  •  (5.20) 

• 


Here  Eqs.  (5.10a)  and  (3.10b)  have  been  used,  F^iPj)  is 
the  Landau  energy  which  has  a  minimum  value  Fi(Pq) 
for  T  <  r,,  i.e.,  Ft(F,  )>Fl(P^)  for  therefore  the 

integral  in  Eq.  (5.20)  is  a  positive  value,  hence,  >  0. 
The  same  argument  also  applies  to  £|((r  obtained  in  Sec. 
IV. 

Figure  3(a)  illustrates  the  9(r  ferroelectric  twin  struc¬ 
ture  and  the  associated  elastic  distortion.  In  the  twin 
boundary  region,  not  only  the  rotation  of  polarization 
vector  occurs,  the  magnitude  of  the  polarization  also 
changes  in  space  as  shown  in  Fig.  3(b).  For  the  special 
choice  of  parameters,  Eqs.  (5.12)  and  (5.13),  the  magni¬ 
tude  of  polarization  is 


(g/2)-Esinh(j/g,o) 

B+sinh(5/|;9o) 


1/2 

<Po  , 


(5.21) 


which  is  less  or  equal  to  the  polarization  in  the  single¬ 
phase  region.  ?or  other  choices  of  the  parameters,  or  in 
real  system,  Eq.  (5.21)  may  not  be  true. 


VI.  SUMMARY  AND  CONCLUSIONS 

Based  on  Landau-Ginzburg  theory,  a  continuum  model 
has  been  developed  for  the  twin  structure  in  tetragonal 


FIG.  3.  9(r  twin  solution,  (a)  Illustration  of  the  polarization 
variation  and  unit-cell  distortion,  (b)  Space  profiles  of  the  nor¬ 
malized  polarization  components  P,.  Fj,  and  the  magnitude  P, 
the  parameters  have  been  set  to  satisfy  ^s.  (5.12)  and  (5.13). 
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ferroelectric  perovskites,  which  is  a  three-dimensional 
model  with  the  primary  order  parameter  chosen  to  be  the 
material  measure  of  polarization.  Under  the  assumption 
of  a  coherent  interface,  the  model  can  describe  the  O^- 
first-order  proper  ferroelectric  phase  transition  and 
gives  rise  to  the  space  profiles  of  a  180*  twin  and  a  90* 
twin  with  charge-neutral  twin  boundary. 

The  ferroelectric  phase  transitions  are  often  accom¬ 
panied  by  unit-cell  distortions  (in  certain  cases  the  distor¬ 
tions  could  be  very  large);  therefore,  a  proper  ferroelec¬ 
tric  is  usually  an  improper  ferroelastic.  llie  second-order 
improper  ferroelastic  phase  transition  has  been  addressed 
in  Ref  16;  that  model  can  also  describe  a  second-order 
ferroelectric  phase  transition  with  proper  physical  con¬ 
straints,  such  as  the  orientational  relationship  between 
tetragonal  axes  of  domains  and  the  twin  boundary.  For 
the  same  reason,  the  ferroelectric  4>*  model  developed  in 
this  paper  may  also  be  generalized  to  describe  other  im¬ 
proper  ferroelastic  systems. 

It  is  interesting  to  see  that  the  coupling  of  the  order  pa¬ 
rameter  to  strain  has  different  effects  in  the  case  of 
second-order  and  first-order  phase  transitions."*'^  The 
transition  temperature  is  the  same  for  the  former,  but  will 
be  shifted  for  the  latter  resulting  from  this  coupling  and 
the  imposed  boundary  conditions. 

Due  to  the  nonlocal  coupling  of  the  polarization,  the 
domain  walls  acquire  finite  width.  In  addition,  as  shown 
in  Fig.  3(a),  the  crystallographic  symmetry  is  lower  in  the 
90*  domain-wall  region.  At  the  domain-wall  center,  the 
structure  is  quasiorthorhombic,  which  implies  that  the 
90*  domain  walls  are  natural  nucleation  sites  for  the 
tetragonal-orthorhombic  transition  if  the  orthorhombic 
phase  happens  to  be  the  next  low-temperature  thermo¬ 
dynamically  stable  phase. 

We  have  also  proved  in  Sec.  V  that  both  180*  and  90* 
domain  wails  contain  positive  energy,  so  that  the  ex¬ 
istence  of  a  stable  QlD  twin  structure  must  be  supported 
by  either  inhomogeneous  (internal  or  external)  stress  dis¬ 
tribution  or  by  defects.  In  a  ceramic  system  the  stresses 
are  provided  by  intergranular  coupling.  This  implies  that 
the  stress  concentration  at  the  grain  boundaries  is  inho¬ 
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mogeneous. 

An  important  application  of  any  ferroelectric  material 
is  based  on  its  piezoelectric  effect.  Strictly  speaking,  the 
macroscopic  piezoelectric  effect  comes  from  two  different 
origins:  For  a  single  domain  single  crystal,  the  induced 
strain  is  due  to  the  direct  coupling  of  the  polarization  to 
the  unit-cell  distortion,  which,  in  our  case,  is  proportion¬ 
al  to  the  square  of  polarization.  Therefore,  the  intrinsic 
piezoelectric  constants  are  proportional  to  the  product  of 
the  eiectrostrictive  constants  and  the  components  of 
spontaneous  polarization.  For  a  multidomain  system, 
such  as  a  ceramic,  there  are  additional  contributions 
from  the  motion  of  9(f  domain  walls,  which  can  be  un¬ 
derstood  from  Fig.  3(a).  We  can  clearly  see  a  shape 
change  associated  with  the  misalignment  of  polarization 
vectors  in  the  two  domains.  A  lattice  movement  of  an 
entire  domain  in  the  direction  parallel  to  the  twin  bound¬ 
ary  plane  can  be  generated  by  the  motion  of  a  90*  domain 
wall  along  its  normal  direction.  We  define  this  additional 
piezoelectric  effect  as  the  “orientational  effect,”  it  is  ex¬ 
trinsic  in  nature.  The  strength  of  this  effect  is  determined 
by  the  degree  of  unit-cell  distortion  (relative  to  the  cubic 
structure)  and  the  maximum  distance  which  a  domain 
wall  can  move  without  breaking  the  atomic  coherency. 
Except  in  a  single  domain  single  crystal,  these  two  effects 
exist  simultaneously  and  interact  with  each  other.  In  or¬ 
der  to  analyze  this  complicated  process,  one  must  know 
the  detailed  structure  in  the  domain-wall  region,  which  is 
one  of  the  achievements  of  the  present  work.  We  will 
show  in  a  forthcoming  paper'^  how  to  determine  those 
expansion  coefficients  from  experiments  so  as  to  quantify 
the  atomic  displacements  in  a  ferroelectric  twin  structure 
for  a  specific  system. 
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The  nonlinear  electric  and  electromechanical  responses  of  lead  zirconate  titanate 
Pb{Zr,Ti,  _  j,)Oj  ceramics  to  an  external  ac  electric  field  have  been  measured  under  different 
driving  levels.  The  onset  of  measurable  nonlinearity  is  observed  to  be  accompanied  by 
the  appearance  of  hysteresis  loops.  This  lossy  nature  suggests  that  the  nonlinearities  in  a 
ferroelectric  ceramic  are  generated  by  the  domain-wall  motion.  In  addition,  aging 
experiments  and  the  bias  field  dependence  of  the  threshold  field  (onset  of  nonlinearity)  all 
indicate  the  extrinsic  nature  of  the  nonlinear  behavior  of  ferroelectric  ceramics.  A 
phenomenological  theory  of  Arlt,  Dederichs,  and  Herbiet  {Ferroelcctrics  74,  34  (1987)]  has 
been  extended  to  include  the  nonlinear  contributions.  With  only  90*  wall  vibration 
being  considered,  the  theory  leads  to  some  basic  understanding  of  the  experimental  results. 


I.  INTRODUCTION 

The  study  of  the  nonlinear  behavior  of  piezoceramic 
materials  is  very  important  because  ferroelectric  ceramics 
are  now  widely  used  to  make  transducers,  resonators,  ac¬ 
tuators,  motors,  sonars,  etc.  One  of  the  limitations  for 
practical  use  of  these  ceramic  products  is  their  nonlinear 
behavior,  which  occurs  at  higher  driving  levels.  In  order  to 
optimize  the  performance  of  these  ceramic  devices,  it  is 
essential  to  understand  the  origin  of  the  nonlinear  proper¬ 
ties  in  ferroelectric  ceramics.  Recent  developments  in  the 
fabrication  of  ferroelectric  thin  films  open  up  the  possibil¬ 
ity  of  utilizing  these  nonlinear  properties,  because  now  the 
nonlinear  response  can  be  observed  under  voltage  as  small 
as  a  few  fractions  of  a  volt.  In  fact,  some  applications  of  the 
nonlinear  properties  have  already  been  made,  for  example, 
convolvers  and  correlators  for  microwave  acoustic 
devices,*'^  frequency  mixers  and  frequency  doublers. 
Therefore,  the  study  of  nonlinear  effects  in  ferroelectric 
ceramics  is  not  only  scientifically  interesting,  but  also  tech¬ 
nically  important. 

The  physical  origin  of  most  phenomena  observed  in  a 
ferroelectric  ceramic  is,  in  general,  quite  complex.  For  in¬ 
stance,  the  piezoelectric  effect  consists  of  two  parts,  the 
intrinsic*  and  the  extrinsic  piezoeffects.’  *  The  intrinsic  ef¬ 
fect  refers  to  the  homogeneous  (unit  cell)  deformation 
caused  by  the  electric  field,  and  the  extrinsic  effect  repre¬ 
sents  the  elastic  deformation  caused  by  the  motions  of  non- 
180*  domain  walls  (partially  domain  switching)  and  the 
interphsse  interfaces.^  It  is  believed  that  the  piezoelectric 
effect  of  a  ferroelectric  ceramic  comes  mainly  from  extrin¬ 
sic  contributions  at  a  relatively  low  to  moderate  driving 
level.  Studies  on  barium  titanate,  BaTiOj,  and  lead  zir¬ 
conate  titanate  (PZT),  Pb(Zr,Ti|  _ ,)Oj,*  show  that  the 
extrinsic  effect  contributes  60%~70%  of  the  piezomoduli 
observed  experimentally.  Mkrostructural  analyses’  ’”  re¬ 
veal  that  a  large  number  of  9(T  domain  walls  are  present  in 
ferrotiectric  ceramics,  which  strongly  affect  their  electro¬ 
mechanical  behavior. 

A  number  of  researchers  have  looked  at  the  nonlinear¬ 


ities  of  ferroelcctrics.*’’”  However,  most  of  the  studies 
were  focused  on  the  intrinsic  effect.  The  extrinsic  effect  is 
very  complicated,  because  it  involves  interactions  of  sev¬ 
eral  length  scales,  i.e.,  the  interactions  between  ions,  do¬ 
mains,  and  even  different  phases  (such  as  in  PZT).  There¬ 
fore,  it  is  very  difficult  to  develop  a  detailed  microscopic 
theory  to  account  for  the  extrinsic  effect.  Arlt,  Dederichs, 
and  Herbiet’  *  have  proposed  a  formal  phenomenological 
theory  dealing  with  linear  electromechanical  properties  re¬ 
lated  to  90*  domain-wall  motion,  which  might  he  a  possible 
route  to  avoid  some  of  the  unnecessary  complications.  In 
this  paper  we  will  try  to  address  the  nonlinear  effects  re¬ 
sulting  from  a  90*  domain-wall  motion  by  using  a  similar 
idea.  More  importantly,  we  will  present  some  experimental 
results  which  can  provide  evidence  for  the  extrinsic  nature 
of  the  nonlincarities  in  ceramics.  It  has  been  found  that 
these  nonlinearities  are  mainly  from  the  nonlinear  motion 
of  non- 180*  domain  walls. 

II.  EXPERIMENTS 

A  series  of  experiments  were  carried  out  on  both  soft 
and  hard  PZT  systems.  The  instruments  employed  include 
an  optical  interferrometer,”  HP4192  LF  impedance  ana¬ 
lyzer,  HP3586  spectrum  analyzer,  multifrequency  LCR 
meter  (HP4275A),  a  modified  Sawyer-Tower  circuit,  and 
a  strain  gauge  (Kyoan  KRF-02(C1-1 1). 

The  piezoelectric  constants  d^y,  d^,  and  </,,  of  soft 
PZT  were  measured  versus  ac  field  strength  at  a  frequency 
of  200  Hz.  The  results  are  shown  in  Fig.  1.  Figure  2  shows 
the  field  dependence  of  ac  dielectric  constants  Cn  and  (33  of 
soft  PZT  at  2(X)  Hz.  One  can  clearly  see  in  Figs.  I  and  2 
that  these  quantities  depend  strongly  on  the  field  strength. 
In  addition,  it  is  observed  that  the  losses  (both  mechanical 
and  electric)  also  increase  with  field  strength  as  shown  in 
the  insert  of  Fig.  2  (hysteresis  loop).  The  appearance  of  a 
hysteresis  loop  accompanying  the  onset  of  nonlinearity 
suggests  that  the  source  of  these  nonlinearities  mignt  come 
from  the  nonlinear  response  of  the  domain  walls  to  exter¬ 
nal  field,  because  domain-wall  motion  is  known  to  be  a 
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FIG.  1.  Electric-field  dependence  oT  piezoelectric  coefficients  for  dtf, 
and  d,). 

Strong  lossy  process.'^''*  Observing  Figs.  1  and  2,  we  find 
there  is  a  relatively  flat  region  in  each  of  the  curves,  which 
implies  that  linear  relations  (</,y  ande,^  are  independent  of 
applied  field)  between  the  applied  electric  field  and  the 
induced  strain  or  polarization  hold  for  small  values  of  the 
field  strength.  We  have  defined  a  threshold  field  E,  at 
which  A<//£f(  Ac/e)  >  2.5%-5%;  the  range  of  the  percent¬ 
ages  are  based  upon  the  uncertainties  of  the  experiments. 
E,  signifies  the  onset  of  measurable  nonlinearity.  In  gen¬ 
eral,  the  threshold  field  E,  is  influenced  by  temperature, 
composition,  frequency  of  the  applied  field,  dc  bias  field, 
and  lime.  is  a  relative  measure  and  may  differ  for  dif¬ 
ferent  physical  quantities.  As  an  example,  we  show  in  Fig. 
3  the  change  of  the  threshold  field  for  633  with  respect  to 
temperature  and  dc  bias  field  for  a  soil  PZT  sample.  E, 
increases  with  bias  dc  field.  This  is  because  the  bias  field 
shifts  the  working  point  of  the  poled  ceramic  toward  a 
more  saturated  region  on  the  P-E  hysteresis  loop.  Looking 
at  the  microstructure,  the  domains  are  in  better  alignment 
under  the  bias  field,  and  the  domain  walls  become  more 
difficult  to  move,  which  will  reduce  the  extrinsic  contribu¬ 
tion.  Hence  the  overall  dielectric  and  piezoelectric  con¬ 
stants  become  smaller;  at  the  same  time,  the  loss  and  non¬ 
linearity  are  also  substantially  reduced.  It  is  believed  that 
the  nonlinearity  from  the  intrinsic  contribution  is  very 
small.  Therefore,  when  the  domain-wall  motion  is 
“pinned”  by  tl.e  bias  field,  E,  becomes  much  larger;  i.e.,  the 


FIO.  2.  Electric-ffeM  dependence  of  dielectric  coefficients  t,„  and  C|).  The 
two  inserts  are  the  P-E  relaiioas  at  low  and  high  electric  helds,  respec- 
tiveijr. 


FIG.  3.  The  threshold  field  of  the  dielectric  constant  tyy  for  a  poled  soft 
PZT  ceramic  as  a  function  of  positive  dc  bias  field  and  temperature.  The 
frequencsr  of  the  applied  field  is  200  Hz. 

onset  of  measurable  nonlinearity  requires  much  larger  field 
strength.  Similarly,  lowering  temperature  can  also  “freeze” 
the  domain-wall  motion,  because  the  potential  well  of  the 
low-temperature  phase  becomes  deeper  so  that  the  energy 
barrier  for  domain  switching  becomes  higher.  Therefore,  E, 
will  decrease  with  temperature  as  shown  in  Fig.  3.  The  clue 
for  the  extrinsic  nature  of  nonlinearities  observed  in  PZT 
ceramics  is  the  drastic  increase  of  dielectric  loss  accompa¬ 
nying  the  onset  of  nonlinearity  as  shown  in  Fig.  4.  It  is  also 
shown  in  Fig.  4  that  the  loss  decreases  with  frequency, 
reflecting  the  delayed  response  of  the  domain-wall  motion 
to  the  high-frequency  electric  field. 

In  order  to  further  the  understanding  of  this  matter, 
we  have  analyzed  the  spectrum  of  the  response  signals  in 
both  electric  and  electrochemical  measurements,  which  are 
shown  in  Figs.  S(a)  and  5(b).  In  Fig.  S(a)  the  electric 
field  is  parallel  to  the  poling  direction.  When  £  >  £„  the 
output  signal  contains  both  odd  and  even  harmonics,  and  a 
small  asymmetric  hysteresis  loop  was  observed  (note,  that 
the  maximum  electric  field  strength  is  O.S7£^  where  £,  is 
the  coercive  field  of  the  ceramic  used  in  the  experiments). 
In  Fig.  S(b)  the  electric  field  is  perpendicular  to  the  poling 
direction.  For  £  >  £„  only  odd  harmonics  were  observed, 
and  the  small  hysteresis  loop  observed  is  symmetric.  An 


A.C.  ELECTRIC  FIELD  (V/cm) 


FIG.  4.  Dependence  of  dklectric  Iom  ten  S  on  the  amplitude  of  the 
eiterna)  ac  field  al  diflerem  frequencies. 
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TABLE  I.  The  nugnilude  of  output  vollige  for  the  second  end  third- 
harmonic  components  under  different  ac  electric-field  strength.  E,  is  the 
coercive  field. 


The  ac  electric 
field 

O.OOgf, 

0.1£, 

0.39£, 

0.S7£, 

0.64£, 

The  magnitude  of 

no  higher  harmonics 

3.8 

2.9 

2.4 

1.9 

(<1B) 

detected 

The  magnitude  of 

no  higher  harmonics 

2.5 

L3 

2.2 

2.4 

F,-K,  (dB) 

detected 

important  finding  from  the  spectral  analyses  was  the  cor¬ 
respondence  between  the  nonlinearity  and  dielectric  loss 
(the  area  of  the  hysteresis  loop),  which  is  given  in  Table  I 
and  Fig.  6.  At  very  low  electric  field,  the  system  is  practi¬ 
cally  linear  and  no  loss  was  observed.  When  the  field 
strength  increases,  the  magnitudes  of  the  second  and  third 
harmonics  increase,  and  the  area  of  the  hysteresis  loop 
(loss)  is  also  enlarged.  As  a  comparison,  we  have  also 
included  the  hysteresis  loop  for  field  strength  close  to  £,  in 
Fig.  6.  One  can  see  that  for  £  >  £,  the  hysteresis  loop 
again  becomes  symmetric.  This  observation  enables  us  to 
identify  that  the  origin  of  the  nonlinearity  is  truly  extrinsic, 
i.e.,  due  to  the  nonlinear  response  of  domain  wall. 

Figure  7  shows  the  x-ray-diffraction  (XRO)  profiles  of 
(002)  and  (200)  peaks  for  plate  PZT  samples  of  different 
orientations.  It  can  be  seen  from  Fig.  7(a)  that  when  the 
normal  direction  of  the  platelet  is  perpendicular  to  the 
poling  direction,  the  (200)  peak  is  much  higher  than  the 
(002)  peak.  Conversely,  for  samples  with  the  normal  di¬ 
rection  of  the  platelet  parallel  to  the  poling  direction  {Fig. 
7(b),  the  (002)  peak  is  much  higher  than  (200)  peak. 


FIG.  6.  The  asymmetric  E-E  hysteresis  loops  at  different  field  level  for  a 
poled  soft  PZT  sample.  The  loss  (area  of  the  loop)  increases  with  the 
applied  field,  and  the  loop  becomes  more  asymmetric  for  E<E^ 

Figure  7(c)  is  for  an  unpoled  sample.  Since  there  is  no 
preferred  orientation,  the  intensity  of  (200)  peak  is  about 
twice  as  that  of  ((X)2)  peak.  Structurally  speaking,  all  of 
the  tetragonal  variants  are  equivalent.  For  a  poled  ceramic, 
only  the  relative  volume  ratio  of  the  variants  [/o.O,0]  and 
[0,0, £ol  is  different  in  the  directions  parallel  and  perpen- 


FTG.  3.  Spectral  analyses  of  the  output  voltage  of  dielectric  (or  piezo¬ 
electric)  responses,  (a)  Electric  field  parallel  to  the  poling  direction.  The 
amplitude  of  the  ac  field  is  0.37C^  (b)  Electric  field  perpendiculsr  to  the 
poling  direction.  The  amplitude  oT  the  ac  field  is  O.JE^ 


FIG.  7.  XRD  (002)  and  (200)  peaks  for  unpoled  and  poled  soft  PZT 
ceramic,  (a)  X-ray  intensity  profile  of  a  poled  ceramic  plate  sample  with 
its  normal  direction  perpendicular  to  the  poling  direction.  (b)  X-ray 
intensity  profile  of  a  poled  ceramic  plate  sample  with  its  normal  direction 
parallel  to  the  poling  direction,  (c)  X-ray  intensity  profile  of  an  unpoied 
ceramic  sample. 
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FIG.  8.  The  threshold  field  of  the  peizoelectiic  coefficients  for  both 
poled  soft  tnd  hard  PZT  ceramics  as  a  function  of  aging  time. 

dicular  to  the  poling  direction,  which  can  only  affect  the 
extrinsic  process.  However,  as  shown  in  Figs.  1  and  2,  the 
physical  quantities  observed  in  the  directions  parallel  and 
perpendicular  to  the  poling  direction  are  quite  different. 
They  differ  not  only  in  the  magnitude,  but  also  the  onset  of 
nonlinearities  (£,).  This  fact  provides  another  piece  of  ev¬ 
idence  for  the  nonintrinsic  origin  of  the  nonlinearities  in 
ceramics,  because  E,  would  be  the  same  in  the  two  direc¬ 
tions  if  the  nonlinear  effect  is  intrinsic. 

It  is  known  that  the  aging  effect  of  ferroelectric  ceram¬ 
ics  is  related  to  the  reduction  of  non- 180*  domain-wall  mo¬ 
bility.  The  aging  experiments  shown  in  Fig.  8  provide  fur¬ 
ther  proof  for  the  extrinsic  nature  of  the  nonlinearities 
found  in  ferroelectric  ceramics.  The  increase  of  E,  (reduc¬ 
tion  of  nonlinearity)  with  time  can  be  understood  as  hav¬ 
ing  the  same  physical  origin  as  that  of  the  aging  effect,  i.e., 
the  decrease  of  domain-wall  mot^ity.  In  addition,  the  fact 
that  a  stronger  time  dependence  of  the  threshold  field  oc¬ 
curs  in  hard  PZT  rather  than  in  soft  PZT  is  also  consistent 
with  the  aging  phenomena  observed  in  these  ceramics. 

From  the  above  experimental  results,  we  conclude  that 
the  nonlinear  phenomena  observed  in  ferroelectric  ceram¬ 
ics  (PZT,  for  example)  is  mainly  caused  by  the  nonlinear 
motion  of  non- 180*  domain  walls,  or  is  extrinsic  in  nature. 

III.  PHENOMENOLOGICAL  THEORY 

Arlt  and  co-workers’’*  have  developed  a  phenomeno¬ 
logical  theory  to  calculate  the  contributions  of  90*  domain- 
wall  vibrations  for  a  linear  system.  The  basic  element  is  a 
twin  plate  shown  in  Fig.  9.  The  changes  in  the  dielectric 
and  piezoelectric  quantities  induced  by  the  domain-wall 
displacement  A/  can  be  described  in  terms  of  A/  and  the 
Euler  angles  6,  4>,  and  *P.  For  example,  the  change  of  the 
electric  dipole  moment  of  this  basic  element  can  be  ex¬ 
pressed  as 

6P,=A/.4P(/,(0,d»,'P),  (1) 

where 

/i  =  (cos  0  sin  <l>  sin  'P  —  cos  'P  cos  <l>), 

/jsa  —  (cos  ♦  sin  «I>  -t-  cos  0  cos  «l>  sin  ♦), 

/jas  —  sin  ♦  sin  0, 

7222  J.  Appl.  Phys..  Vot.  69.  No.  10.  15  May  1091 


FIG.  9.  A  basic  element  ol  90*  twin  in  tetragonal  ferroelectric  ceramics 
The  relative  orientation  of  unprimed  and  primed  ooordirwte  systems  is 
characterized  by  the  Euler  angles  (G.  I*).  The  z-axis  is  the  poling 

directioa,  a  is  the  normal  direction  of  the  tirin  boundary. 


Pq  >8  rilc  spontaneous  polarization,  and  A  is  the  area  of  the 
vibrating  domain  wall  per  unit  volume.  Similarly,  the  in¬ 
duced  strain  is  given  by 

5rja=^lASoFa  (a=l-6),  (2) 

in  which 

Pi  =2($in  0  cos  4*  cos  4>  sin  4> 

—  cos  0  sin  0  sin*  «l>  sin  ♦), 

p2==  —  2(sin  0  cos  4*  cos  «l>  sin  <l> 

-f.  cos  0  sin  0  cos*  4>  sin  ♦), 

P)=2cos  0sin0sin4', 

(cos  0  cos  4^  sin  4>  -F  cos*  0  sin  4'  cos  «l> 

—  sin*  0  sin  4^  cos  4>), 

p5=cos  0  cos  4*  cos  4>  —  cos*  0  sin  ♦  sin 
+  sin*  0  sin  4'  sin  ♦, 

Pi=  (sin  0  cos  4^  sin*  4>  -I-  2  sin  0  cos  0  sin  4^ 

X  cos  <I»  sin  «l>  —  sin  0  cos  4*  cos*  <l>), 

Sq  is  the  spontaneous  strain  representing  the  unit-cell  dis¬ 
tortion  in  the  tetragonal  phase.  It  has  been  shown'’’*°  ex¬ 
perimentally  that  the  90*  domain-wall  motion  is  highly 
nonlinear.  Therefore,  the  potential  energy  of  a  displaced 
domain  wall  may  be  expanded  as  a  polynomial  function  of 
the  domain-wall  displacement  A): 

l/=  l/o -h  y  A/* -I- y  A/* -F  y  A/* 

-F  higher-ordertemis,  (3) 

where  (/g  is  the  rest  energy  of  a  domain  boundary,  which  is 
assumed  to  be  independent  of  domain-wall  motion.  The 
presence  of  the  cubic  term  in  Eq.  (3)  describes  the  asym¬ 
metric  feature  of  the  domain-wall  motion  in  a  poled  ce¬ 
ramic.  Following  Fousek  and  Brezina*',  the  differential 
equation  for  the  forced  vibration  of  a  90*  domain  wall  in  a 
poled  ceramic  may  be  expressed  as  follows: 
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(4) 


dU  /dlVe  dlVM\ 

AmM  +Ab^l  +'*  -{^^^1+  3^1  y 


where  m  represents  the  elTcctive  mass  of  the  domain  wall, 
b  is  the  damping  constant,  and  Wgib?,)  and 
are  the  induced  electric  and  mechanical  energies,  respec¬ 
tively.  The  physical  origins  of  the  restoring  force,  damping, 
and  effective  mass  have  been  discussed  by  several 
groups. Hence,  we  will  not  give  further  details  here. 

If  we  only  consider  the  first  three  terms  of  dU/dbAt  Eq. 
(4)  becomes 


Afn  A/  Ab  +  A^i  bi  +■  AC^  A/^  +  AC^  A/^ 


(dWs  dW»\ 

\  a  A/  a  A/  J  • 


(4') 


Under  certain  conditions,  one  can  get  approximate  solu¬ 
tions  for  Eq.  (4*).  For  example,  assume  that  the  nonlinear 
terms  are  small,  i.e.. 


C,  A/>Ci  A/*,Cj  A/’. 


AF,=  ( Ae^  -h  AF,*^* )  Ej 

(/V.*=1.2.3;a,^,y=l-6),  (8) 

where  £*  are  the  components  of  electric  field,  and  the  cor¬ 
responding  coefficients  arc  given  below. 

If  we  define  the  Euler  angle  integration 

J  dn=  d<b  dd.  (9) 

the  induced  linear  piezoelectric  and  dielectric  coefficients 
Adia  and  Ae,;^  respectively  can  be  written  as  the  following 


integrals: 

Ad*„=  J  Sot>oE{(o)fkFaZmd(l. 

(10) 

Ae*,=  J  tj^{ai)fJiZmd£l, 

(ID 

where 

,  r*  Ag{T)dT 

Jo  2C,(1-)->t)- 

(12) 

We  may  use  a  perturbation  method^^  to  derive  an  approx¬ 
imate  solution  for  A/  and,  hence,  to  get  the  expressions  for 
SPj  and  Srja. 

In  the  following  we  will  analyze  only  the  domain-wall 
movement  under  an  ac  electric  field  E  =  exp(/a)f).  The 
frequency  a  of  the  applied  field  is  usually  much  smaller 
than  the  resonance  frequency  of  the  domain  wall,  <uo 
=  yJC^/m,  which  is  in  the  gigahertz  range.*'  For  example, 
the  ac  electric  field  used  in  our  experiments  is  only  200  Hz. 
If  we  divide  Eq.  (4')  by  Cj,  then  for  a  system  with  strong 
damping  we  can  neglect  the  first  term  on  the  left  hand  side, 
which  has  the  coefficient  of  (wViUo)-  The  remaining  first- 
order  differential  equation  is  the  same  as  that  for  a  relax¬ 
ation  system.  The  approximate  solution  for  A/  up  to  the 
third  order  is  given  by 

.  C2(A/°)* 

C|(l  -4-  Ijar) 

C,(H-3/ut)  C,(l-(-2y<uT)/’ 

(5) 


Here,  we  have  assumed  a  distribution  function  g(r)  for  the 
relaxation  time.^'^  The  integrations  with  respect  to  4>  and 
4'  can  be  carried  out  immediately,  which  give  rise  to  the 
nonzero  independent  components  of  these  tensor  coeffi- 


cients: 

0 

0 

0 

0 

Ad„ 

0 

II 

< 

0 

0 

0 

Ad, 5 

0 

0 

.  (13) 

Adj, 

Adji 

Adjj 

0 

0 

0 

Aeii 

0 

0 

Af*/- 

0 

Afii 

0 

• 

(14) 

0 

0 

ACj3, 

As  indicated  in  Eqs.  (7)  and  (8),  the  domain-wall  motion 
also  contributes  to  the  nonlinear  coefficients,  including  the 
electrostrictive  constants  Aftyo  “d  the  nonlinear  dielectric 
constants  AF^*.  These  quantities  are  given  by  the  following 


integrals: 

Ae*^=  J  SofiK’MfJf^mdCl, 

(15) 

AF,*,=  J  fiK’W/J^mdn, 

(16) 

where 


Here,  r  =:  b/Ci  is  the  relaxation  time. 

The  total  induced  polarization  AF,  and  strain  Arfa  by 
the  90*  domain-wall  motion  in  a  poled  tetragonal  ferroelec¬ 
tric  ceramic  may  be  derived  as  follows;  First,  substitute  the 
solution  (5)  into  Eqs.  (1)  and  (2).  Then,  assume  an  an¬ 
gular  distribution  function  Z(@)  for  the  twin  boundary 
orientation  and  integrate  those  quantities  over  the  entire 
range  of  Euler  angles.  The  final  results  may  be  written  in 
the  following  form: 


(7) 


.  f-  C2Ag(T)dr 

Jo  4Cj(  1  1  -t- Ijcjt)  ■ 

Similarly,  we  can  derive  the  expressions  for  the  higher- 
order  piezoelectric  and  dielectric  constants  AG^,y*/  and 
bJ/iju,  respectively: 


AGat,j=  J  SoP^of^-(o>)FJ-J/jZ(Q)d{l.  .  (18) 
Af/,**„=  J  FSAr*<«)//*/-/„Z(0)dn,  (19) 
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Ai;a»(A</a*  +  AQaitE,)Ei,  +  AGanjEifiiEj, 
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where 


Agjr) _ 

4C}(  I  +  j<OT)^[  1  +  }j(OT) 

Similarly,  one  can  derive  the  induced  strain  and  polariza¬ 
tion  by  the  domain-wall  movement  under  a  stress  field.^’ 

IV.  DISCUSSIONS  AND  SUMMARY 

When  Ta  =  0,  Eqs.  (7)  and  (8)  give  the  induced  strain 
At;^  and  polarization  AP,  induced  by  the  90*  domain-wall 
motion,  respectively,  in  a  poled  ferroelectric  ceramic.  If  the 
electric  field  E  is  in  the  same  direction  as  that  of  the  rem¬ 
anent  polarization,  Eqs.  (7)  and  (8)  become 


tical  applications  of  these  nonlinear  properties  might  be 
limited  by  the  loss  generated  from  the  domain-wall  motion. 

The  extension  of  the  phenomenological  theory  of  Arlt 
and  co-workers  by  including  higher-order  terms  in  the  en¬ 
ergy  function  [Eq.(3)]  shows  a  certain  degree  of  success 
for  describing  the  nonlinear  ferroelectric  ceramic  system. 
Nevertheless,  there  are  still  some  experimental  results 
which  could  not  be  explained  by  the  model.  This  implies 
that  the  actual  extrinsic  process  is  more  complicated  than 
just  the  motion  of  90*  domain  walls.  At  least  for  PZT 
systems  with  compositions  close  to  the  morphotropic  phase 
boundary  (the  one  we  have  used  in  the  experiments),  os¬ 
cillating  interphase  and/or  a  localized  transition  between 
the  tetragonal  and  rhombohedral  phases  definitely  contrib¬ 
ute  substantially  to  the  extrinsic  process. 
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A'?J3  =  Adjjf -h  A23J3^^  +  AC3j33£^,  (21) 

AP3  =  A633£-t- Ar333£^ A//3333£^.  (22) 

However,  when  the  field  E  is  perpendicular  to  the  rema¬ 
nent  polarization,  Eqs. (7)  and  (8)  reduce  to 

Arti=AdiiJS  +  AGinsE\  (23) 

AP,  =  A€„£-t- A/f„„£^  (24) 

Equations  (21)~(24)  reveal  that  the  nonlinearities  are  dif¬ 
ferent  for  the  two  situations.  The  fact  that  there  is  no  sec¬ 
ond  harmonic  when  the  electric  field  is  perpendicular  to 
the  polarization  (Eqs.  (23)  and  (24)]  agrees  with  the  ex¬ 
periment  results  shown  in  Fig.  S.  It  needs  to  be  pointed  out 
that  the  model  here  cannot  explain  why  the  field  strength 
has  a  much  stronger  effect  on  the  magnitude  of  the  second 
(even)  harmonic  than  that  of  the  third  (odd)  harmonic 
(see  Table  I),  which  might  indicate  that  the  extrinsic  con¬ 
tribution  not  only  comes  from  90*  domain-wall  motion,  but 
also  from  other  sources,  such  as  oscillating  ioterphase  in¬ 
terfaces  and  localized  phase  transitions. 

To  summarize,  we  have  measured  the  nonlinear  behav¬ 
ior  of  several  PZT  ceramic  systems.  Several  important  re¬ 
sults  were  obtained,  which  include  the  following. 

( 1 )  The  increase  of  nonlinear  effects  is  accompanied 
by  an  increase  in  loss. 

(2)  Nonlinear  effects  can  be  reduced  by  applying  a  dc 
bias  field  or  decreasing  the  temperature. 

(3)  Nonlinearity  is  found  to  decrease  with  time,  and 
this  aging  effect  is  much  stronger  in  hard  PZT  than  in  soft 
PZT. 

From  these  results,  we  conclude  that  the  nonlinear  ef¬ 
fects  found  in  ferroelectric  ceramic  is  extrinsic  in  nature. 
Even  though  the  extrinsic  nonlinear  effects  could  be  orders 
of  magnitude  larger  than  the  intrinsic  nonlinearities,  prac¬ 
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ABSTRACT 

Using  an  optical  interferometer  and  other  experimental  techniques,  the  mechanical  and 
dielectric  response  of  lead  zirconate  titanate  Pb(ZrxTii.x)03  ceramics  to  an  a.c.  electric 
field  have  been  investigated  directly.  The  experimental  results  demonstrate  the  imponance 
of  the  domain  wall  motion  in  generating  the  electromechanical  nonlinearities  in  ferroelectric 
ceramics.  A  phenomenological  theory  has  been  extended  to  describe  the  extrinsic 
contribudons  to  the  piezoelectric,  elasdc  and  dielectric  properties.  These  effects  can  be 
attributed  to  both  the  linear  and  nonlinear  vibrations  of  non~I80^  domain  walls  in 
ferroelectric  ceramics.  The  proposed  theory  shows  qualitative  agreement  with  the 
experimental  results. 


1.  INTRODUCTION 


Electromechanical  nonlinearity  in  ferroelectric  ceramics  is  an  important  problem  in 
modem  ultrasonic  engineering.  Ferroelectric  ceramics  are  widely  used  as  transducers, 
resonators,  actuators,  motors,  and  capacitors  which  represent  a  very  large  segment  of  the 
electroceramic's  market.  One  of  the  limitations  of  ferroelectric  transducers  for  practical  use 
is  the  nonlinear  effect  which  occur  at  high  driving  level  in  fact  ferroelectric  ceramics 
are  the  strongest  known  nonlinear  piezoelectric  materialsl'^1.  In  recent  years,  techniques  for 
fabricadng  ferroelectric  thin  films  have  made  great  progress,  which  open  up  the  possibility 
of  utilizing  the  nonlinearities  of  ferroelectric  ceramics  in  conjunction  with  integrated 
circuits,  because  significant  nonlinear  phenomena  can  be  observed  in  thin  films  even  under 
a  few  hundred  milivolts.  In  practical  applications,  the  nonlinearity  of  ferroelectric  ceramics 
are  used  to  influence  the  performance  of  microwave  acoustic  devices  such  as  convolvers 
and  correlatorsl^'^t-  The  so-called  "smart  ceramics"{^®I  incorporating  sensors  and  actuators 
also  exploit  the  nonlinear  properties  of  ferroelectric  ceramics.  In  short,  on  certain 
occasions,  one  wants  to  avoid  the  nonlinearities,  while  on  other  occasions  one  wants  to 
benefit  from  them.  Therefore,  from  a  technological  point  of  view,  it  is  important  to  study 
the  nonlinear  electromechanical  properties  in  ferroelectric  ceramics  so  as  to  optimize  the 
choice  of  piezoceramics  for  making  transducers,  actuators,  resonators,  ultrasonic  motors 
and  other  acoustic  devices,  as  well  as  to  develop  new  types  of  nonlinear  electronic  devices 
such  as  fivquency  mixers  and  doublers,  and  piezoelectric  thin  film  devices. 

The  piezoelectric  effects  in  ferroelectric  ceramics  arc  caused  by  two  mechanisms: 

(1)  The  intrinsic  piezoelectric  effect  which  is  associated  with  the  deformation  of 
each  unit  cell  of  the  ferroelectric  material  under  an  electric  field. 


(2)  The  extrinsic  piezoelectric  effect  (^3-isi  example  in  lead  zirconate  dtanate 

(PZT)  system,  refers  to  the  motion  of  non-180^  domain  walls  and  the  movement  of  the 
inteiphase  phase  boundary  between  the  tetragonal  and  rhombohedral  phase  regionsl^^l. 

It  is  believed  that  the  piezoelectric  effect  in  polycrystalline  ferroelectrics  is  caused  not  only 
by  the  ionic  displacement  in  connecdon  with  the  change  of  the  polarizadon  magnitude,  but 
also  by  the  movements  of  domain  walls  and  interphase  boundaries.  Studies  on  materials 
such  as  BaTi03  and  PZT  have  shown  that  as  much  as  60%  -  70%  of  the  piezoelectric 
moduli  values  may  originate  from  the  extrinsic  contribudons.  In  fact ,  the  performance  of 
many  transducers,  acmators  and  capacitors  are  based  on  the  control  of  domain  structures 
under  the  applied  electric  field.  Microstructural  investigadons  have  also  shown  that 
the  poled  ferroelectric  ceramics  contain  a  large  number  of 

non-ISO^  domain  boundaries  which  strongly  affect  their  electromechanical  behavior 
2'^!.  These  domain  structures  give  rise  to  complex  linear  and  nonlinear  behavior  which  is 
very  sensidve  to  the  quality  of  the  sample,  its  defect  concencradon  as  well  as  the  external 
boundary  condidons. 

Even  though  the  invesdgadon  on  the  electromechanical  nonlinearity  in  ferroelectrics 
has  been  carried  on  for  the  last  three  decades,  most  of  the  studies  128-30)  are  based  on 
thermodynamic  theory  only,  without  considering  the  dynamics  of  domain  walls.  Very  litde 
workI2i-32j  haj  done  to  describe  the  behavior  of  electromechanical  nonlinearity  in 
terms  of  domain  wall  modon,  even  though  domain  wall  modon  plays  a  dominant  role  over 
a  wide  range  of  external  field  levels,  and  the  frequency  response  of  domain  wall  modons 
spans  a  range  from  almost  zero  hertz  to  the  microwave  regime.  Moreover,  a  number  of 
ambiguides  remain  in  this  area  due  to  the  lack  of  sufficient  informadon  about  the 
reladonship  between  electromechanical  coefficients  and  the  modons  of  non- 180®  domain 
walls  and  the  movement  of  interphase  boundaries. 

The  objeedve  of  this  paper  is  to  evaluate  the  linear  and  nonlinear  elasdc,  dielectric,  and 
piezoelectric  coefficients  arising  from  the  domain  wall  modons,  and  to  form  a  tentadve 


nxxlel  based  on  the  observed  linear  and  nonlinear  effects  so  as  to  gain  some  physical 
insight  into  the  relationship  between  domain  wall  morions  and  nonlinear  electromechanical 
properties  in  ferroelectric  ceramics.  In  sections  II  and  III,  we  present  a  general  description 
of  the  electromechanical  properties  arising  from  the  non- 180®  domain  wall  morions  in  the 
ferroelectric  ceramic.  In  section  FV,  we  show  some  experimental  results  which  characterize 
the  dynamic  electromechanical  response  of  the  PZT  frroelectric  ceramics.  Some  of  the 
experimental  results  strongly  support  our  approach  to  the  problem. 


II  THEORETICAL 

2.1.  Domain  and  interphase  Structures 

In  a  Pb(ZrxTii.x)03  system  with  composition  near  the  morphotropic  phase 
boundary  (MPB),  the  tetragonal  and  rhombohedral  phases  coexist.  Therefore,  besides  the 
18Cfi  domain  wall ,  there  are  70  J®,  i09-5®  and  90®  domain  walls.  Also  interphase 
boundaries  between  the  two  phases  exist  Here,  we  do  not  discuss  the  case  for  /SO® 
domain  walls.  The  750®  domain  wall  morion  does  not  significantly  affect  the  piezoelectric 
and  electromechanical  properties  because  the  spontaneous  deformations  of  the  anriparallel 
domain  are  the  same.  In  order  to  investigate  systematically  the  relationship  between  linear 
piezoelectric  effect  and  the  non-750®  domain  wall  morions  in  ferroelectric  ceramics,  Arlt 
et.al.ti3.i4l  f;r3t  presented  a  phenomenological  model  for  the  vibrating  90®-domain  walls 
to  describe  the  linear  piezoelectric  behavior  of  ferroelectric  ceramics  under  electric  fields 
and  mechanical  stresses.  We  have  generalized  this  model  to  describe  the  nonlinear  effects 
resulting  from  the  vibrating  90®-domain  walls  P31. 

Here,  we  will  try  to  model  non-7S0®  domain  wail  morions  for  the  cases  of 
rhombohedral  phase  and  interphase  conversion  between  the  tetragonal  and  rhombohedral 
regions,  respectively.  As  we  know,  the  symmetry  of  the  ferroelectric  phase  G/  is  fully 
determined  by  the  symmetry  of  the  parent  phase  Gp.  In  other  words,  the  spontaneous 


polaiizadoa  has  the  equal  probability  to  lie  in  ail  the  equivalent  directions  prescribed  by  the 
prototypic  finxn  which  the  ferroelectric  is  derived.  From  phenomenological  theory 
we  can  find  ei^t  energetically  equivalent  variants  in  rhombohedral  ferroelectric  stable 
states  of  PZr  system  as  following; 


/.  (Pj,  P2.  P3 )  II .  (Pi.  P2.  -Pj )  in.('  Pi.  P2.  P3 )  IV. (Pi.  -  P2.  P3 ) 

V.(-  Pi.  P2.  •P3)  VI.  (Pi,.  P2.  •P3 )  VIl.(.  Pi  .P2. P3  )  VIII.  (.  Pi,  .P2.  -Pj)  (1) 

where  Pi^  ~P2^  -Pji^  =  Pci^  13  .  Pq  is  the  spontaneous  polarization.  Accordingly,  the 
spontaneous  strain  under  zero  stress  condidon  can  be  written  as : 

Sll  =522=  533=  (Q11  +  2Q12)  Po/3  (2) 

5i2^44  ^1^2*  5i2=Q44P2P3*  512=^44^1^*3 

Obviously,  the  normal  components  of  su  are  the  same  for  all  of  the  orientadon  states,  and 
the  shear  components  of  the  spontaneous  strain  tensor  in  the  corresponding  states  of  Eq.(l) 
have  the  following  forms: 

r(vni)s,2=  S23=  S3i=^pJ  .  n(vn)  s,2=-S23  =*S3i=^p5 
ni(VI)Si2=-S23=S3l»^Po  ;  IV(V)Si2=S23=-S31=^p5  (3) 


According  to  the  crystallographic  reladons,  these  eight  low  temperature  variants  will  form 
180®,  70®  and  1 10®  twin  structures.  For  instance,  the  polarizadon  vectors  in  a  twin 
structure  between  states  (I)  and  (VI)  form  a  angle  9, 


eaillUl-Ml)  =cos-‘(^).llO‘» 


The  twin  boundsiy  is  then  called  ll(fi  domain  wall.  We  choose  primed  and  unprimed 
coordinate  systems  for  a  basic  piezoelectric  element  as  shown  in  Hg.l,  which  contains  a 
single  if  0®  domain  wall  and  separates  the  polarization  states  f/f  and  f Vi).  In  the  primed 
system,  domain  wall  is  located  in  z'=  0  plane  di  is  the  displacement  of  the  domain 
wall  and  A  is  the  area  of  the  vibrating  domain  wall  per  unit  volume.  A  displacement  At 
of  the  domain  wall  gives  rise  to  a  change  in  the  electric  dipole  moment  5P,  in  the  volume 
d/A  [34.351, 
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(4) 


Thedi  also  induces  a  change  in  the  elasdc  dipole  moment. 


5U'=dlA 


001 

001 

110 


(5) 


where,  So=^^Po 

Po  and  So  are  the  spontaneous  polarization  and  strain,  respectively,  in  the  rhombohedral 
phase.  Finally,  in  the  unprimed  coordinate  system,  we  can  get: 


5Pi»dIAPofi(e,<I>,'F)  (6) 

and, 

5Uij=dlASoFij(e,<^,'P)  (7) 

where  //=  /  cos<P(cosH'-sin^)-cos&sin0(sin^-H:os'F)  ]  ,f2=  [sin  <I>(cos^- 
sin'P)  +  cosBcos<J>(sin'{'-Kos'F)] .  fj  -  sin&(cos*F *  sm*f9;  and 


Fjis2sin€sin^[cos *Fcos^(cos 'Fsin 'F)  - sin<J>  cos 0(cos F+sin  F)]. 

^22=  •2sin€eos<P[sin<^cos^-sin'F)+  cos0cos<P(cosF-t-sinF)J , 

Fjjs  2cos&sin0(sin*F-*- cosF) . 

Fi3-  sin<t>(cosF+sin'F)[cos^&-sin^0]  +  cos0cos<P(cosF  +sin*F), 

F 23-  cosQ[sin0(cos  ^-sin *F)^os<J>cos0(cos F+sin  F)]~sin^ 0cos<t>[cos  F+sin  F] , 

F 12=  sin  &(cos  *Fsin  *F). 

Next,  let  us  discuss  the  case  of  interphase  conversion  in  the  ferroelectric  ceramic.  It 
is  known  that  the  tetragonal  (T )  and  rhombohedial  (R  )  ferroelectric  phases  coexist  in 
PZT  system  of  compositions  near  the  MPB.  According  to  SEM,  SAED  and  TEM 
investigation  of  the  domain  structure  in  PZT  ceramics  with  composition  near  the  MPB, 
there  exists  an  alternating  T  and  R  phase  layo^,  which  is  similar  to  the  90^  domain 
structure  in  the  tetragonal  distorted  ceramics.  Based  on  experimental  results,  Lucuta 
proposed! a  succession  model  of  ferroelectric  domains  T iRT 2FT ;,  due  to  the 
coexistence  of  a  /?  domain  between  the  two  different  oricntedT  domains  as  shown  in 
Fig.2.  In  the  case  of  the  occurrence  of  a  rhombohedral  phase  between  the  90<’  domains, 
the  polarization  direction  in  an  alternating  sequence  is:  [001]  —  [111]  —  [010]  —[111]  — 
[001]  corresponding  to  a  repetitive  domain  succession  T1RT2RT1  ...  The  interphase 
boundary  conversion  will  induce  changes  in  the  electric  and  elastic  dipole  moments. 
Considering  the  polarization  along  [111]  direction  in  a  domain  converts  into  the 
polarization  along  [001]  direction  in  a  T  domain,  the  induced  electric  and  elastic  dipole 
moments  in  the  primed  coordinate  system  will  be: 


5P'  «  AlAPo 
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and. 


5U’  =  A1 
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U2JU22U23 
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(9) 


where,  Ui2SUi3=U23=U21=U31  =  “32= 

„  _<Qu-Ql2)p2  -2(Qii+Qi2)  p2 

Uu-U22= - t[ - Hq  ,  033* - = - Pq 


Note:  here  we  assume  that  the  magnitude  of  the  spontaneous  polarization  in  the 
rhombohedral  phase  is  equal  to  that  in  the  tetragonal  phase,  and  all  the  coefficients  Qu, 
Q]2,  and  Q44  are  the  same  in  both  phases.  Finally,  in  the  (x.  y,  z)  coordinate  system,  the 
changes  of  electric  and  elastic  dipole  moments  can  be  written  as; 


5Pi  =  [Rij][5P-i]  ; 


[5Uij]  *  tRi;[5U’J[Rij]  (10) 
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2.2  The  Model 

Generally  speaking,  the  domain  wall  motion  may  be  accomplished  by  a  succession  of  steps 
starting  at  iniriating  nuclei  P6J7],  but  in  the  case  of  the  non-iSO®  domain  wall  sidewise 
modons,  this  may  not  be  exactly  true  P*l.  The  entire  ceramic  specimen  is  a  complex 
electromechanical  system,  each  individual  domain  wall  in  different  grains  has  di^erent 
orientadons  and  different  boundary  condidons.  The  movements  of  the  domain  walls  are 
not  independent,  there  are  strong  interacdons  between  them.  The  microscopic  process  for 
individual  domain  wall  modon  is  rather  complicated  and  not  well  understood.  However,  if 
we  are  only  interested  in  the  macroscopic  effect  resulting  from  the  coUeedve  modon  of 
domain  walls,  the  microscopic  details  of  each  individual  domain  may  be  neglected. 


Fig.2.  (a)  Packing  mcxiel  of  T-R  twin-related  domains  along  (Oil)  habit  plane  explains  the 
coexistence  of  T  and  R  ferroelectric  phases  in  PZT  at  MPB  (After  Lucuta  1989  Ref.(20))* 


I 
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Fig.3.  Schematic  plot  of  the  nergy  potential  for  non-180®  domain  wall  motion  in  PZT 


ceramics. 


In  the  present  analysis,  we  assume  that  the  average  displacement  of  domain  wall  in 
a  certain  directian  is  quasi-one  dimensional ,  Le.,  the  wall  plane  moving  as  a  whole  without 
blending  and  stacking  effects.  Fig.3.  shows  the  variation  of  the  wall  energy  as  a  function 
of  wall  position  in  a  ceramic  sample.  The  height  of  the  potential  barrier  (0i+<P2)  is  the 
minimum  energy  required  for  the  wall  to  relocate  from  depoling  state  to  poled  state.  02  is 
the  amount  of  the  elastic  energy  which  can  be  relieved  during  the  domain  wall  switching 
back  to  depoling  state.  0y»  is  the  height  of  potential  barrier  for  a  non-18(fi  domain  wall 
going  across  one  lattice  distance. 

In  a  depolarized  ceramic  sample,  all  domain  walls  are  randomly  orientated,  and  the 
disthbudon  of  domain  walls  possess  the  symmetry  of  <Wmnt.  Obviously,  domain  walls 
are  located  at  the  minima  of  the  potential  energy  (2  =  0  ). 

When  an  external  ac  field  is  applied,  the  domain  wall  will  oscillate.  However,  as 
long  as  the  magnitude  of  the  domain  wall  vibration  is  not  very  large,  the  macroscopic 
potential  energy  for  domain  wall  motions  is  symmetric  with  respect  to  2  axis,  i.e: 

U(6z)=  U(-^).  The  situation  is  different  for  a  poled  ceramic.  During  poling  process, 
domain  walls  will  overcome  certain  energy  barrier,  and  move  in  the  new  equilibrium 
position.  As  shown  in  Fig.(3),  the  new  positions  are  metastable  states  (2  =  a,  or  z  =  -a). 
After  the  field  is  removed,  the  distribution  of  orientation  of  the  domain  walls  becomes 
conical  in  the  poled  samples.  The  potential  for  domain  waU  motion  is  no  more  symmetric 
in  the  poled  state,  i.e.  U(  4z-a )  ^  U{  4r+a ). 

It  also  has  been  shown  [39,40]  experimentally  that  the  domain  wall  motion  in  poled 
ceramic  is  highly  nonlinear.  Therefore,  the  potential  energy  for  the  domain  wall  motion 
may  be  expanded  as  a  polynomial  function  of  the  domain  wall  displacement: 

U  =  Uo  +  CjAl  +-^A1  +-^A1  +  higher- order  terms  (11) 


where  C/o  is  the  test  energy  of  a  domain  boundary,  which  is  assumed  to  be  independent  of 
the  domain  wall  motion.  The  presence  of  the  third  power  term  describes  the  asymmetric 
feature  of  the  domain  wall  motion  in  a  feiroelectric  ceramic.  The  odd  tenns  will  be  zero  if 
domain  wall  vibrations  take  place  around  the  center  of  potential  energy  of  the  domain  wall. 
Therefore,  the  differential  equation  of  the  forced  vibration  of  a  non- 7  SO®  domain  wall  in 
a  ferroelectric  ceramic  may  be  expressed  as  follows  ; 


AmAi  +  AbAl+ ~  +  (12) 


where  m  represents  the  effective  mass  of  the  domain  wall,  b  is  the  damping  constant. 
The  third  term  is  the  restoring  force.  Wg  and  are  the  energies  of  the  induced  average 
electric  and  elastic  dipoles  <SPi>  and  <SUij>  by  the  electric  field  and  stress  . 
respectively,  which  may  be  written  as 


(£  <6P, 2  <5U,>Tj,^*-‘)  (13) 


In  general,  we  have  coi  *  coz-  The  physical  origins  of  the  restoring  force,  damping  effects 
and  effective  mass  have  been  discussed  separately  by  several  scientists  '*51.  if  we 
consider  only  the  first  three  terms  of  the  restoring  force,  Eq.(12)  becomes 

2  3  9Wp  aww 

AmAl +Ab^  +  2A  Cl  Al +AC2^  +AC3AI  =  -  (  )  (12) 

This  equation  implies  that  the  nature  of  the  extrinsic  nonlinear  properties  in  ferroelectric 
ceramics  resides  in  the  interrelationship  between  the  amplitude  of  the  non-7S0®  domain  wall 
vibration  and  the  stiffness  of  the  materials.  The  condition 
C,A1  »  C2A1^  CjAl^ 


1 


allows  one  to  employ  a  perturbation  method  for  approximately  solving  Eq.(12')  in 
order  to  obtain  the  induced  polarization  SP,  and  strain  SUij  accompanying  domain  wall 
motions.  The  detailed  approximated  solution  can  be  seen  in  Ref.[33].  According  to 
Fousek  and  Brezinal^^l ,  the  resonant  frequency  of  domain  walls  is  much  higher  than  the 
frequencies  used  in  our  experiments,  which  are  less  than  1  MHz.  Thus,  the  inertia  term  can 
be  neglected.  This  means  that  such  the  damping  is  sufficiently  strong  that  Eq.(12')  can  be 
simplified  to  a  relaxation  equation. 

III.  LINEAR  AND  NONLINEAR  COEFFICIENTS 

We  now  consider  the  linear  and  nonlinear  dielectric,  piezoelectric,  and  elastic 
properties  associated  with  the  1 10^^  domain  wall  motion  in  ferroelectric  ceramics.  The 
average  induced  polarization  and  strain  can  be  calculated  by  averaging  SUij  and  SPi  over 
all  domain  wall  orientations  in  the  sample  (I3.i4]  -  <5p.  >  and  AUij  =  <SUij>  may 

be  expressed  as: 

APi  =  [Aei  k  +  Arijk  Ej  ]  Eic  +  [Adjm  +  ACjim  Ti  ]  Tm  +  2  AQjji  EjTi 
-t-  AHijicp  Ej  Ek  Ep  +  AGijki  Ej  Et  Ti  + ... 

AUi  =[Ad  kl  AQ  iji  Ej  ]Ej  +[ASin  +  ASimnTnj]  Tn  +  2Ae  ikm  EkTm 
+  AG  ijkl  Ei  Ej  Ek  +  AW ijni  Ej  Ej  Tn  +  ... 
where  i,  j,  k,  p  =  I,  2,  3  and  1,  n,  m  =  1,  2  ,3, 4,5,6  (14) 

In  this  expressions,  APi  is  the  total  induced  average  polarization,  AUi  is  the  average 
strain  component  in  Voigt  notation.  Tn  is  the  stress,  and  £*  is  the  electric  field. 

The  values  of  Adu  =  <5du  >  are  the  extrinsic  piezoelectric  constants  of  a  ceramic 
sample: 

flK  rlK  fK 

Adki  *1  d0  j  dv|  ^  So  Po  K(tOi)  fk  Fi  Z(©)  d0 


(15) 


where:  Fi~Fu,  ^2=^22.  Fj^Fss,  ^4=^22,  Fs=Fi2,  Fi-Fii,  and. 


KCcoO 


A  g(t)  dt 
2Ci  (1+jcOit) 


Note:  Mu  depends  on  £02,  the  frequency  of  the  applied  elastic  field,  and  M’u  depends 
on  (Oi,  the  frequency  of  the  applied  electric  field.  g(  x)  is  the  relaxation  time  distribution 
(13.141  assuming  there  exist  more  than  one  relaxation  dme.  2{Q)  is  the  distribution  function 
of  domain  wall  orientations  obtained  during  the  poling  process.  All  quantities  having  the  A 
symbol  are  caused  by  llQft  domain  wall  vibrations  only.  The  values  of  Asi,^  =  <&/n  > 
and  AEuc  -  >  are  the  extrinsic  elastic,  and  dielectric  parameters  of  the  ceramic: 


S^K((O2)F,F„Z(0)d© 

jP^K(£Oi)fifkZ(©)d0 


(16) 


where  AQiji  s<5Qiji  >  (electrostrictive  coefficients)  and  Arijk  =  >  (nonlinear 

dielectric  coefficients)  can  be  expressed  as  follows: 


and. 

fin  fin  fit 

An  j  k  =  I  d0  dv  -2P^  K’(0)t  )  fi  fj  fk  Z(©)  d©  (18) 

Here,  we  should  point  out  that  the  contribudons  of  domain  wall  modon  to  the 
electrostricdve  coefficients  dQy/  and  the  nonlinear  dielectric  coefficients  have  the 
same  physical  origin  as  those  of  the  electro-opdcal  coefficients  and  elasto-opdcal 
coefficients.  In  fact,  in  hot  pressed  transparent  PLZT  ceramics  the  changes  of  the  remnant 
polarization  give  rise  to  changes  in  the  birefringence  dn  because  of  the  non-ISO** 
domain  reversal  induced  by  an  external  field. 

The  electroacoustic  coefficients  ^um  -<8eum>  (the  coefficients  of  the  nonlinear 
piezoelectric  effect )  describe  the  change  in  the  velocity  of  elastic  waves,  and  are  given  by; 


In  some  materials  the  extrinsic  contribution  to  ths  electroacoustic  effect  (change  in 
velocity  of  sound  under  an  applied  electric  field)  may  be  two  orders  of  magnitude  larger 
than  the  intrinsic  contribution.  The  third  order  elastic  coefficients  =  <5Si^  >  are; 

AS  -So  2(0)K((O,)F,F„F„d0  (20) 

There  are  twenty  one  non-vanishing  coefficients.  The  expressions  for  the  higher  order 
nonlinear  piezoelectric  coefficients  AGiju  -  <5Giju  >  and  dielectric  coefficients  AHijkp  = 
<5Hijkp  >  are  given  by  the  following  integrals: 

/2k  /2k  /k 

AG’ijki  =1  doj  dvj  ^So  Po^  K"(0)i  )  fi  fj  fkF,Z(0)d0 

/2k  /2k  /k 

AGijki  =j  d<t)j  dvj  ^So  Po^  K’Xoji.co,)  fi  fi  fkFiZ(0)d0  (21) 


Where: 


2Cl  A  g'(T) 


Cy  A  g’(t) 


K"(a)i)=  - - - dt 

A  1  (l-^2jcoiT)(l+3j(u,t)(l+jmiT)^  [  4^Ct  ](l+3ja)iX)(l+ja)iT)’) 


K"(Wi,aj2)  = 


foo  1 

2Ci  [4^C^  A  g’(T)(l+jo)it)"^ 

C3[43Ct]’^  Ag'(X)(l+jtO,T)'^  ' 

(l+2jO)iX)(l+j[20)i-KO,]X)(l+jQ)2X) 

(l+j[2a)i-K02]x)(l+jC02X)  J 

and. 

[AHijkp] 


Jr2K  /2k  /j 

.  n  4 


ip^K’Xo),  )fififkfp  Z(0)d0 


Note  that  all  the  quantities  are  frequency  dependent  When  electric  and  elastic  field  are 
applied  simultaneously  with  different  frequencies,  one  finds  the  direct  and  reverse  effects 
have  different  magnitude,  for  example,  if  Oii  *  <02,  Adu  (cui)  *  Adu  (ci>2),  therefore. 


we  have  used  a  prime  on  some  of  the  constants  in  AUi  to  indicate  their  frequency 
dependence.  In  general,  the  contribudons  tom  70.5*^,  109.5<^  and  90°  twin  structures  can 
be  all  written  in  the  form  of  Eq.(14)  •  Eq.(22)  except  the  integiadon  coefficients  would  be 
different  in  each  case. 

IfT/*  0,  Eq.(  14)  becomes: 

APi  =  A£i ic  E|t+  ATi  j|(  Ej  E|t+AHij ic  p  Ei  Ei^  Ep 
AUi  -  Ad|c  i  E^  +  AQi  k  i  £i  Ek  '*'AGi  j  k  i  Ei  Ej  Ek 
i.j.  k,  p=l,2,  3  (23) 


The  electric  field  induced  longimdinal  strain  and  polarizadon  arising  from  the  domain  wall 
motion  are: 


AU3  =  Ad33  Eo  +  AQ333  Eo  +AG3333  Eq 

AP3  =  Ae33  Eo  +  Ar333  Eq  +  AH3333  Eo  (24) 


Similarly,  the  shear  strain  and  related  polarization  under  an  applied  a.c.  electric  field  are 
described  by: 


AUs  =  Adi5  Eo  +  AGiiis  Eq 

APi  =  Afiii  Eo  +  AHiiu  Eq  (25) 


There  are  no  second  harmonic  and  higher  even  harmonic  components  in  shear  vibrations. 
Therefore,  it  is  expeaed  that  the  dependence  of  Adjs  and  Aeii  on  die  altemaung  electric 
field  strength  should  have  different  characteristics  than  those  of  Mjj,  ^3h  and  Aejj. 
Strictly  speaking,  under  external  forces  the  difference  in  free  energy  for  the  two 


domains  of  a  twin  isl^^J; 

Ag  =  A£(,)ijaij  + AP(,)i  Ei  +-1- Asjjki  Cjj  aki  +  ^  Akij  Ei  Ek  + AdijkEjaki 


(26) 


where,  the  first  two  terms  are  the  differences  of  the  spontaneous  strain  and 
polarization  of  the  two  domains,  representing  the  primary  ferroic  effect  The 
remaining  three  terms  in  Ag  arise  from  external  force  induced  differences  in 
clastic  compliance,  dielectric  susceptibility,  and  piezoelectric  coefficients,  which 


represent  the  secondary  ferroic  behavior .  In  this  paper,  only  the  primary  ferroic 
effect  is  discussed. 

IV.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 
4.1.  EXPERIMENTAL  PROCEDURE 

Several  compositions  of  the  PZT  solid  solution  system  were  selected  for  this  snidy. 

The  ceramic  Pb(ZrxTii.x)03  specimens  with  x=  .90,  .70,  .60,  .54,  .52,  .50,  .40,  .30,  and 
.  15  were  prepared  by  using  the  sol-gel  derived  powders.  The  processing  procedure  was 
the  same  as  that  described  in  Ref.[52].  The  well  sintered  ceramic  samples  were  poled  at  an 
electric  field  of  30-65  kViem  in  the  temperature  range  of  100°  C-  - 1 30°  C.  These  poled 
samples  were  first  checked  with  a  commercial  Bcriincourt  djj  meter.  Values  of  the 
piezoelectric  coefficients  are  listed  in  Table  1.  In  addition,  some  ceramic  samples,  PZT- 
SOJA  and  P7T-40I  which  were  made  by  commercial  powders  form  the  Ultrasonic 
Powders  Inc.  South  Plainfield.  NJ  .  And  also  several  of  the  hard  and  soft  PCT 
specimens.  PZT-54.  PZT-S  and  PZT-  4  used  in  this  study  arc  commercial  products  from 
Vemitron  piezoelectric  division,  Bedford,  OH. 

Permittivity-  temperature  runs  were  made  in  a  computer-controlled  environmental 
chamber  { Delta  Design  Model  2300)  using  liquid  nitrogen  as  a  cooling  agent.  Both  hearing 
and  cooling  rates  are  about  S^C/min.  Data  were  recorded  with  a  digital  multimeter 
controlled  by  a  desk  top  computer  system  (  Model  9816,  Hewlett  Packard  Inc.).  The 
dielectric  response  was  measured  by  using  a  modified  Sawyer-Tower  circuit  and  a 
precision  capacitance  meter  ( HP  4275A  Multi-Frequency  LCR  Meter). 

The  piezoelectric  coefficients  were  measured  by  both  optical  interferometry  and 
iterative  methodsl^^-^'*!.  The  longitudinal,  transverse,  and  shear  strains  were  measured 
using  a  laser  interferometer  and  a  strain  gauge.  The  rcsonance-antiresonance  method  is 
widely  used  for  measuring  piezoelectric  coefficients  in  weak  electric  fields  at  which  the 
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TABLE  L  Piezoelectric  coefficients  for  Pb(Zr*Tii.x)C)3  ceramics  made  by  sol-gel  derived 
powders.  The  measurements  was  marie  by  the  commercial  Berlincoun  meter. 


Zr/Ti. 

90/10 

70/30 

60/40 

54/46 

52/48 

50/50 

40/60 

30/70 

15/85 

Density 

(ICPkg/nP) 

7.44 

7.55 

7.60 

7.62 

7.7 

7.4 

7.6 

7.59 

7.3 

d33 

(10-12n3/V) 

7 

85-100 

100-120 

170-200  250-270 

100-120 

90-100 

50-60 
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vibrating  system  remains  linear.  However,  when  the  amplitude  of  the  applied  field 
becomes  very  large,  the  resonance-antiresonance  method  is  no  longer  suitable  due  to  the 
occurrence  of  nonlinearity.  Therefore,  interferometry  technique  was  used  for  measurements 
under  large  alternating  electric  fields.  The  advantages  of  the  interferometry,  apan  from  its 
direemess,  are  the  simplicity  in  computational  expressions.  In  addition,  the  measurements 
can  be  carried  out  under  both  resonance  and  non-resonance  conditions  and  are  not  limited 
by  the  amplitude  of  the  external  fields.  Moreover,  a  wide  range  of  sample  shapes  and  sizes 
can  be  tolerated.  In  the  strain  gauge  technique,  the  strain  gauge  (fCyowa  KRF-02-C1-1 1) 
was  attached  to  the  surface  of  a  thin  rectangular  sample  using  a  polymeric  cement  (Kyowa 
PC-6).  The  off-set  voltage  was  amplified  through  a  strain  amplifier  (Model  No. 
DPM613B,  Kyowa).  The  HP4192  A  LF  impedance  analyzer  was  used  when  employing 
the  resonance  technique  which  has  been  standardized  by  lEEEi^'^h  In  measuring  the 
nonlinear  parameters,  a  sinusoidal  driving  field  was  used  for  convenience  of  interpretation. 
Resistive  tuneable  low-pass  active-filters  were  used  (Package  Date  730/740  Series, 
Frequency  Devices,  Inc.)  in  the  measurement  system.  Samples  were  made  as  thin  as 
possible  in  order  to  achieve  high  field  with  low  voltage.  For  larger  displacements,  Eq.(2) 
of  Ref.[54]  is  no  longer  valid,  and  the  cosine  term  in  Eq.(3)  of  Ref.[54]  must  be  expanded 
using  the  Fourier- Bessel  expansion.  It  is  important  to  realize  that  the  nonlinear  output 
signals  may  be  caused  by  either  the  nonlinearity  of  materials  or  by  the  distortion  of  the 
input  signal  in  the  detecting  system.  There  are  two  ways  to  avoid  the  detecting  system 
producing  nonlinear  output  signals.  (1)  Using  quartz  as  the  pre-calibration  sample  we  can 
subtract  the  nonlinear  contribudon  of  detecting  system.  (2)  By  keeping  the  thickness  of 
the  samples  down  so  that  we  can  get  su^aciently  large  strains  while  limiting  the  maximum 
displacement  of  the  sample  to  values  less  than  140  A. 

4.2.  RESULTS  AND  DISCUSSIONS 


A  Nonlinear  Piezoelectric  and  Dielectric  Coefficients 


Fig.4.  shows  the  piezoelectric  constants  du  and  the  dielectric  constants  c„-  plotted  as 
a  function  of  applied  a.c.  field  strength.  When  the  magnimde  of  the  applied  electric  field  is 
below  the  threshold  field  Et .  du  and  £u  remain  constant.  But  beyond  the  threshold  field 
(E>Et)  diM  and  increase  with  the  amplitude  of  the  a.c.  electric  field.  Et  signifies  the 
onset  of  measurable  nonlinearity,  which  is  not  always  clearly  defined.  We  use  Mid  (Ae/e) 
>  2.5%  -  4  %  as  the  criteria  according  to  different  experimental  conditions.  Generally,  Et 
depends  on  frequency,  temperature  and  material  properties.  For  instance,  for  PZT>5(7/A 
with  200  Hz  and  T  =25®  C,  the  threshold  field  for  the  piezoelectric  coefficient  d33  is 
approximately  300  V/cm.  Analogously,  when  the  applied  field  exceeds  a  certain  value, 
dielectric  losses  also  increase  drastically  with  the  amplimde  of  a.c.  electric  fieldl^^l,  but  the 
threshold  fields  for  the  loss  seem  to  be  smaller  than  those  for  the  dielectric  and  piezoelectric 
coefficients.  By  using  an  oscilloscope  to  follow  the  polarization  (F )  and  strain  (5 )  under 
a.c  electric  field  (£ )  at  a  given  frequency,  it  was  found  that  the  P  and  5  vs  £  curves  are 
straight  lines  for  small  oscillation  amplitudes,  but  the  average  slope  of  the  hysteresis 
increases  rapidly  when  the  amplitude  of  the  a.c.  field  exceeds  certain  values,  as  shown  in 
the  insertion  of  Fig.4.  Since  non  180®'domain  wall  motion  is  inherently  a  lossy  process 
(55-57]^  the  strong  correlation  between  loss  and  nonlinearity  suggests  that  electromechanical 
nonlinearity  in  ferroelectric  cerarrucs  originates  mainly  from  the  motion  of  non- 180® 
domain  walls.  Spectrum  analyses  were  made  to  identify  the  higher  harmonic  components 
in  the  responses  of  polarization  and  strain,  it  is  found  that  when  the  direction  of  a.c. 
field  is  perpendicular  to  the  poling  direction  of  the  sample,  only  odd  harmonics  exist  and 
the  shape  of  the  hysteresis  loops  (both  for  strain  and  polarization  vs.  a.c.  electric  field)  is 
always  symmetric.  On  the  other  hand,  when  the  applied  electric  field  £  is  parallel  to  the 
poling  direction,  both  odd  and  even  harmonics  exist  under  large  driving  field.  The  shape  of 
hysteresis  loop  is  no  longer  symmetric.  This  may  be  understood  from  Eqs.(24)  and  (25). 
Assuming  Egc  =  Eq  cosax ,  from  Eq.(23),  the  longitudinal  strain  is: 


(27) 


AUj  =  Ad33  Etc  +  Ar333  E2c  +  AG3333  E2e 
=Yo  +  Yi  ei«+  Y.i  e-J»*+Y2  +  Y.2  e-2i<«+  Y3  e3j«+Y.3  e-3i“'  + ... 

where 

2  2 
Yo=AI533^  ;  Yi(a))  »  Y.i(-OJ)=  (Ad33Eo  +  -4p3333  Eg  ^ 

*  4 

Y2  (CO)  »  y.2  (-CO)  =  Ar333  :  Y3  (C0)»  Y.3  (-CO)  =  ^-^333  Eg 

2  4 

The  term  {Yn  e  +  Y.^  e  •>'“* )  represents  the  component  of  the  nth  harmonic  oscillation. 

Based  on  Eq.(27),  we  would  like  to  elaborate  a  few  points: 

1. The  third  order  term  increases  the  amplitude  of  the  fundamental  frequency  by  an  amount 
of 

3  AG  3333  Eq 
4 

2.  The  second  order  harmonic  term  creates  an  additional  negative  bias  field  which 
displaces  the  center  of  vibration  of  the  domain  walk 

3.  Both  the  second  and  the  third  harmonic  vibrations  of  non- 180°  domain  walls  contribute 
to  the  induced  longitudinal  strain.  This  implies  that  the  hysteresis  loops  of  both  P  vs  E, 
and  5  vs  £  should  be  asymmetric  when  the  a.c.  field  is  beyond  cenain  level. 

The  situation  is  somewhat  different  for  the  shear  strain.  From  Eq.(23),  we  have 

AU5  =  Adis  E«;  +  AG  11 15  Eac  (28) 

=Yo  +  Yi  Y.i  e-i«  +  Y3  e^i®  +  Y.3  e-3j«  + ... 

where: 

3  AG  1115  Ea 

Y«»0  ;  Yi(o))  =  Y.i(-cd)=  AdijEo  + - 

4 

^0 

Y2  (CO)  =  y.2  (-CO)  =  0  ;  Y3  (to)  =  y.3  (-0))  - - 

4 

There  is  no  second  harmonic  in  the  shear  strain,  which  is  in  agreement  with  the 
experimental  results .  Fig.5  shows  the  relative  dielectric  permittivity  eu  and  €33  as  well 
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Fig.5.  (b)  The  values  of  C/y  and  C33  as  a  function  of  temperature  for  ?TY-501A  at 
different  frequencies 


as  thdr  loss  tangents  as  a  function  of  temperature  from -200®  C  to  50®C  under  large 
a.c.  electric  fields.  Rg.6  shows  the  dielectric  permittivity  €33  and  its  loss  versus 
temperature  at  dififeient  a.c.  electric  field  strength.  Clearly,  the  values  of  C/ ;  and  €33  as 
well  as  their  losses  are  quite  different  at  high  temperatures,  these  differences  become 
smaller  as  tenq)erature  decreases.  This  reveals  that  pan  of  the  difference  between  eu  and 
£33  may  come  from  the  domain  boundary  vibradons  which  will  be  frozen  out  at  very  low 
temperatures.  In  Ref.[331,  it  has  been  shown  that  the  threshold  fields  of  the  piezoelectric 
coefficients  increase  with  aging  dme,  which  is  another  strong  implicadon  that  the  threshold 
field  is  closely  related  to  non- 180®  domain  wall  modon,  because  the  reduedon  of  the  non- 
180®  domain  wall  mobility  is  responsible  for  the  aging  phenomena  in  ferroelectric 
ceramicsl^*!.  It  is  also  foundl^^l  that  the  threshold  field  strengths  of  the  dielectric  and 
piezoelectric  coefficients  decrease  with  increasing  the  magnitude  of  an  applied  positive 
d.c.bias  field  which  provides  the  pinning  to  the  wall  modon.  The  nonlinearity  also 
decreases  with  temperature  due  to  the  fact  that  the  domain  wall  becomes  less  mobile  at 
lower  temperatures. 

Fig.7  shows  the  distribution  of  threshold  fields  for  the  piezoelectric  coefficients  of 
PZT  system  with  different  compositions  and  dopants.  A  pronounced  minimum  value  for 
the  threshold  field  is  found  at  the  MPB  composition ,  which  reveals  that  the  domain  walls 
have  the  highest  mobility  for  composition  at  the  MPB.  In  second  order  approximation, 
the  extrinsic  contributions  to  the  piezoelectric  coefficient  is  given  in  Eq.(23): 

dki  =  Adki  +  AQi  ki  Ei  AGijki  EjEj  (29a) 

Assuming  the  nonlinearity  is  purely  extrinsic  the  measured  piezoelectric  constants  dki 
may  be  written  as: 

dk  l  =  dk  Kin)  +  ^k  1  +  ^Qi  k  I  Ej  +  AGi  j  k  i  Ej  Ej  (29b) 

Based  on  the  definition  of  threshold  field  strength  for  dki  described  earlier ,  we 


have: 


to.-Kw-l-Ad33l|  ,  ,'^0333  E,  J 

(d33(b)  +  ^33)  E,  d33(in)  +  Ad33 


This  means  that  the  threshold  field  Et  is  inversely  propordonal  to  the  ratio  of  the 
electrostrictive  coefficient  and  the  piezoelectric  coefficient  From  Eq.(  1 5)  and  Eq.(  17),  it 
is  found  that  Adjj  /  AQ333  is  proportional  to  (Ci)^  l(Po  C2).  In  Ref.[41]  the  restoring 
force  constant  was  estimated  to  be  greater  than  the  square  of  the  spontaneous  strain  C/  > 
(So)^ ,  and  also,  Cj  >  C2 .  Therefore,  Adjj  IAQ333  can  be  estimated  to  be  proportional  to 
the  spontaneous  polarization.  Thus  from  Eq.(29c)  one  may  conclude  that  the  threshold 
field  Et  should  also  increase  with  the  spontaneous  polarization.  The  experimental  data  in 
Fig.7  qualiutively  shows  this  tendency.  In  addition,  the  threshold  fields  £,  for  PZT-S 
and  PZr-4  are  substantially  higher  than  that  of  PZT-S  due  to  the  influence  of  dopants  on 
the  domain  wall  mobility. 

B  Electromechanical  Nonlinearity  Under  Resonant 
Frequency 

Some  ultrasonic  devices  are  operated  at  their  resonance  frequencies.  Due  to  the  presence  of 
nonlinearity  the  performance  of  these  devices  will  be  altered  when  being  driven  at  high  field 
levels.  In  this  section,  we  report  some  of  the  nonlinear  effects  under  resonant  conditions 
for  a  PZT'SOIA  ceramic  .  Fig.8  shows  that  the  complex  admittance  circles  at  different 
driving  levels.  The  outer  circle  (curve/ )  is  measured  at  small-signal  conditions,  a  field  level 
of  1  V/cm.  The  system  appears  to  be  a  typical  linear  piezoelectric  resonator  with  very  low 
loss.  All  the  data  points  fall  onto  a  perfect  circle.  The  inner  circle  (curve  II)  was  measured 
at  a  field  level  of  1(X)  V/cm.  One  can  see  that  the  data  points  obviously  deviate  from  the 
small  circle  showing  the  presence  of  nonlinearity. 

This  is  expected  from  the  measurements  on  piezoelectric  effects  because  the 
relationship  between  dj;  and  the  field  strength  no  longer  remains  linear  under  large  field, 
which  invalidates  the  linear  assumption  made  in  the  measurement  technique.  Both  the 
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Fig.6.  Temperature  dependence  of  Cjj  and  its  tanS  of  PZT-501A  at  different 
magnitudes  of  a.c.  fields 
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Fig.7.  Dependence  of  the  threshold  field  strength  and  the  spontaneous  polarization  on  die 
r,  /  Zr  ratio  for  PZT  ceramics. 
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Fig.8.  Complex  adminance  plot  of  ?ZT-50IA  bar  measured  with  two  different  applied  field 
strengths,  £/ »  \V/cm  and  £2  »  100  Vicm. 


magnitudes  of  dj////7  (-ISOxlO'^^V/m)  and  dsi' [IlJ/dsjlII]  (0.064)  which  were 
measured  at  high  driving  levels  and  non-resonam  frequencies  using  an  interferometer  are 
larger  than  those  measured  at  low  driving  levels,  djjll]  (-1 76x10-12 v/;;,)  and 
dsi'inidjill]  (0.018).  This  strongly  implies  that  the  nonlinear  increase  of  piezoelectric 
coefficients  causes  nonlinear  effects  at  the  resonance  frequency.  We  suggest  that  this 
nonlinear  change  of  piezoelectric  coefficients  is  originated  from  the  domain  wall  motion 
because  the  increase  of  (dj;Vdj;)  indicates  that  the  increase  of  the  macroscopic- losses 
mainly  come  from  domain  modons  1231.  When  the  applied  field  exceeds  a  certain  level, 
the  nonlinear  domain  wall  modons  stan  to  contribute  to  the  piezoelectric  effect,  and  the 
coupling  between  the  vibradons  of  domain  wall  and  extensional  mode  causes  the 
nonlinear  effects  at  the  resonance  frequency.  The  field  dependence  of  the  piezoelectric 
coefficients  will  cause  the  extremum  frequencies  of  the  admittance  to  shift  as  shown  in 
Fig.9.  Fig.9  (a)  is  the  amplinide  of  the  admittance  of  a  PZT  -  501 A  plate,  which  was 
measured  with  a  spectrum  analyzer.  The  resonant  frequency /m  shifts  towards  lower 
frequencies  with  increasing  applied  a.c.  voltage,  but  the  and-resonance  frequencies/„  do 
not  shift  significantly  as  reported  by  Uchino  et,ai.l®l 

Interestingly ,  however,  when  measuring  the  absolute  value  of  admittance  [T  |  of  a  bar 
sample  with  an  impedance  analyzer,  we  found  that  both  f„  and  f„  shift  noticeably  to 
lower  frequencies  at  higher  driving  level,  as  shown  in  Fig.9(b),  which  may  imply  that  the 
nonlinearity  affects  certain  vibration  modes  more  severely  than  to  the  others.  Meanwhile , 
the  experimental  results  could  be  affected  by  the  measurement  techniques. 

Fig.  10  and  Fig.  11  show  the  dielectric  losses  and  dielectric  constants  as  a  function  of 
frequency,  respectively,  under  different  field  levels  near  an  isolated  resonance.  It  can  be 
seen  that  the  resonance  peaks  of  both  the  dielectric  loss  and  the  dielectric  constant  move 
toward  lower  frequencies  with  increasing  driving  level.  The  dielectric  loss  in  the  vicinity 
of  the  resonant  frequency  also  becomes  larger  for  the  case  of  higher  driving  level  as  shown 
in  Fig.  10.  It  should  be  noted  that  when  large  electric  field  is  applied,  nonlinear  effects 


Frequency  (kHz) 


Fig.9.  Typical  admittance  curves  measured  for  the  ^Tl-SOIA  samples  at  different  driving 
levels,  (a)  Measured  electrical  admiixance  of  PZT-50M  plate  at  four  different 
driving  levels,  (b)  Absolute  value  of  admittance  jT  1  for  a  PZT-50iA  bar  at  two 
driving  levels.  The  soild  line  and  the  dash  line  represent  results  obtained  at  field 
levels  of  £/«  IVicm  and  £3  «  100  Vicm  respecdvely. 
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Fig.  10.  Dielectric  losses  vs  firequency  in  the  vicinity  of  the  resonance  frequency  with 
respect  to  different  driving  levels  for  PZT-50M  bar.  The  dash  line  is  for  £/> 
Wicm  and  the  solid  line  is  for  £2*  100  V/cm . 
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occur  at  all  frequencies,  hence  the  dielectric  loss,  dielectric  constant  and  piezoelectric 
coefficients  become  lar^  in  all  frequency  range.  Away  from  the  resonance,  the  motions  of 
non- 1 800  domain  walls  are  the  cause  for  the  changes  in  the  dielectric,  elastic,  and 
piezoelectric  coefficients.  At  the  resonant  frequency,  changes  of  these  coefficients  will 
cause  the  shifts  of  the  resonance  and  anti-resonance  frequencies, /«  and/n .  In  addition, 
the  mechanical  quality  factor  and  the  electromechanical  coupling  factors  will  also  be 
affected. 

From  Ref.[28],  in  the  second  order  approximation,  the  shift  of  the  resonant 
frequency  for  extensional  vibration  of  an  electromechanically  excited  bar  can  be  written  as: 


where  oPr  is  the  resonant  frequency  of  the  extensional  mode  for  a  linear  system.  The 
frequency  of  the  Pj  maximum  is  also  shifted  fay  the  electric  field, 

5a)P  =  +1^1  (31) 

1  ^33  ‘^1  2e^33  a^ 


where  afr  is  the  small-signal  resonance  frequency.  Q  is  the  mechanical  quality  factor  and 
a  is  the  thickness  of  the  sample.  Eqs.(30)  and  (31)  are  for  single  domain  single  crystal 
system.  For  ceramics,  there  exist  additional  shifts  of  the  resonant  frequencies  by  domain 
wall  motion.  From  Eqs.(15)-(21)  they  can  be  expressed  as: 


and 


cof 

2(e33(m)+^33)  a2 


(33) 


Aco?  = 


_ Ar333  ^ ^  3AH3333 

,  e33(in)  +  Ae33  4 


Here  £ij(in) ,  diicon),  and  SmOn)  are  intrinsic  properties.  The  total  shift  of  these  resonance 
frequencies  are  the  sum  of  the  intrinsic  and  extrinsic  contributions.  The  above  analyses 
give  rise  to  the  relationship  between  the  shifts  of  the  maximum  frequency  and  the  damping 
constant  (or  losses),  restoring  force  constants,  as  well  as  spontaneous  polarization  and 
strain.  These  relations  may  be  used  to  qualitatively  explain  the  experimental  results. 

V.  SUMMARY 

We  have  measured  the  dielectric,  piezoelectric  properties  in  several  compositions  of 
PZT  system  at  both  high  and  low  field  levels.  The  experimental  results  show  that  the 
domain  wall  vibrations  contribute  significantly  to  the  electromechanical  nonlinearity  in 
ferroelectric  ceramics.  The  main  results  are  summarized  as  follows: 

I 

(1)  A  phenomenological  model  has  been  extended  to  evaluate  the  macroscopic  nonlinear 
parameters  associated  with  non- 180®  domain  wall  vibrations  in  ferroelectric  ceramics.  The 
theoretical  descriptions  qualitatively  agree  with  some  of  the  experimental  results. 

(2)  The  piezoelectric  and  dielectric  coefficients  and  losses  in  the  nonlinear  regime  are  much 
larger  than  those  in  the  linear  regime.  The  threshold  fields  of  the  dielectric  and 
piezoelectric  coefficients  are  strongly  affected  by  the  bias  field,  temperature  and 
compositions. 

(3)  Both/m  and /a  of  the  admittance  are  shifted  by  the  electric  field  due  to  the  nonlinearity 
arising  from  non- 180®  domain  wail  motion.  It  has  been  suggested  previously  that  the 
nonlinear  effects  in  the  resonance  frequency  region  are  originated  from  the  collective 
resonance  of  domain  walls.  This  opinion  is  questionable  because  the  resonance  frequency 
of  ceramic  samples  depends  upon  the  sample  size  and  is  usually  much  lower  than  the 
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domain  wall  resonance  frequency.  However,  since  the  resonance  frequency  of  domain 
walls  is  still  a  disputed  topic,  further  investigation  is  required.  We  believe  that  the  nonlinear 
effects  contain  both  intrinsic  and  extrinsic  contribudons,  and  in  a  mulddomain  crystals 
such  as  ferroelectric  ceramics,  the  extrinsic  contributions  play  the  dominant  role  in 
generating  these  nonlineaiides. 
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The  inhomogeneous  distributions  of  internal  shear  stress  and  electrical  field  induced  by  external  shear  stress  or  applied  electnc 
field  around  a  Cnffith's  type  III  crack  tip  in  ferroelectric  ceramics  have  been  analyaed.  For  a  linear  system,  the  stress  and  the 
electnc  displacement  intensity  factors.  ^Ill  and  A'lv.  respectively,  can  be  expressed  in  simple  analytic  forms  which  account  for 
both  electric  and  mechanical  contributions. 


The  performance  of  piezoceramics  is  altered  by  the 
presence  of  cracks,  cuts,  narrow  cavities  and  similar 
flaws  which  may  propagate  under  certain  conditions 
causing  eventual  destruction  of  a  body  as  a  whole. 
Today,  the  problem  of  mechanical  reliability  of  fer¬ 
roelectric  ceramics  becomes  increasingly  important 
as  the  matenals  are  used  in  more  and  more  sophis¬ 
ticated  areas.  An  updated  review  about  the  fracture 
problem  in  ferroelectric  ceramics  was  given  by  Frei- 
man  [  I  ] .  More  recent  studies  f  1  -3  J  show  that  the 
mechanical  behavior  of  poled  PZT  ceramics  is  greatly 
affected  by  the  external  force  induced  inhomoge¬ 
neous  distribution  of  internal  stress,  and  the  type  of 
cracks.  There  exist  both  electric  field  and  mechanical 
stress  concentration  near  crack  tips,  which  induces 
crack  propagation  and  incompatible  elastic  defor¬ 
mation  in  ferroelectric  ceramics.  In  usual  non-fer- 
roelectric  brittle  ceramics,  the  stress  intensity  factor 
A'y(7=I.  n.  Ill )  is  related  to  the  stress  a  by  [4-6] 

=  (1) 

where  a  is  ihe  crack  length,  Y  is  the  shape  factor  of 
a  specimen.  For  ferroelectric  ceramics  the  expression 
of  eq.  ( I )  needs  to  be  modified  due  to  the  piezoe¬ 
lectric  effect.  Parton  et  al.  [7].  have  given  a  general 
descnption  of  the  electroelastic  plane  problem  for  a 
piezoelectric  medium  containing  a  rectilinear  crack, 
and  analyzed  in  detail  the  Griffith's  type  I  crack.  In 
this  Letter,  we  discuss  the  influence  of  Griffith's  lype 


III  crack  on  electric  and  mechanical  properties  in 
piezoceramics.  Relatively  simple  expressions  of  the 
stress  and  electrical  displacement  intensity  factors 
A’lii  and  A'lv  have  been  derived,  which  can  be  used 
to  evaluate  the  mechanical  behavior  of  piezo¬ 
ceramics. 

The  results  derived  here  may  be  very  helpful  in 
some  specific  applications,  such  as  transducers  with 
thickness  shear  vibration  mode,  mismatch  and  in¬ 
compatible  deformation  between  ferroelectric  ce¬ 
ramics  and  substrates  under  external  shearing  force 
in  multilayer  devices,  composite  devices  and  elec¬ 
tronic  packages. 

If  a  ceramic  sample  is  poled  along  the  .vj  axis,  its 
mechanical,  dielectric  and  piezoelectric  propenies 
arc  described  by  five  elastic  moduli,  two  dielectric 
and  three  piezoelectric  coefficients.  In  Voigt  nota¬ 
tion.  the  constitutive  equations  may  be  written  as 


[7.8] 

a, ,  *cf ,  j, ,  +cfjS;2  -F cfySji  -e„Ei.  ( 2a ) 

ff”  =<'f:Tn  +£■12^22  +cfiS}j-e„£}  ■  (2b) 

Oyi  =£■?}( Ji I  +jjj )  ’f’cfjSj)  —ejjEj .  (2c) 

a,,  =  2chj:j-e,5E2 .  (2d) 

0|j  =2Ci4Ji}  —  Cl jE|  ,  (2c) 

=  -cf:)s,:  .  (2f) 
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D,  =<,,£. +2^,55, 3  .  (2g) 

D2  =<i|£^2 +2e,5S23  ,  (2h) 

D3  =(iiEi  +f3i(i||  +i22)+^33i3J  .  (2i) 

where  iy=i(dM,/3x^+3u/8jr,)  is  the  elastic  strain 

component;  u,  (y  s  1 ,  2, 3 )  is  the  elastic  displacement 
field,  E, = d^/dx,  is  the  electric  field  strength  ( the  de¬ 
polarization  field  is  not  included),  and  p  is  the  elec¬ 
tric  potential,  ^3,.  ^33  and  e,5  are  the  piezoelectric 
coefficients,  cf,,  cfj,  c^,  C33  and  cL  are  the  elastic 
moduli  at  constant  electric  field,  Cu  and  (33  are  the 
dielectric  permittivities  at  constant  strain. 

For  a  system  under  longitudinal  shear  stress  (see 
fig.  I ),  the  so-called  antiplane  problem,  we  have  the 
following  conditions  [5,6]: 


U|  -U2  aO  , 

(3a) 

M3=U3(x,,X2)  , 

(3b) 

p=p(jr,,jr2) . 

(3c) 

«  vW • «  • 

//////'a 


Fi(.  I .  The  GrifTith's  type  III  crack  in  a  piezoelectric  ceramic.  Xj 
is  the  poling  direction.  Shear  stress  is  applied  at  x,=  t  L/2  sur¬ 
face  in  Xy  axis  direction.  The  electric  Held  is  applied  along  the 
direction  of  the  x,  axis. 


Eqs.  (3a)-(3c)  imply  that  we  have  a  two-dimen¬ 
sional  problem  and 


ill  =^22  =^33  =^i2  =0 ,  £'3=0.  (4) 

Substituting  eqs.  (4)  into  eqs.  (2)  gives 

<Ti3 =2^44533  — eijfj ,  (5a) 

0|3  =  2c44J|3— Cis^i ,  (5b) 

D,  =«,,£, -l■2e,5^,3.  (5c) 

Dj  =tii£2 +  2^15523  .  (5d) 

Considering  a  system  under  both  mechanical  stress 
and  electric  field,  the  Euler  and  Maxwell  equations 
have  the  following  forms  [5-7]: 

9<i32/9jr2  +  9<r3i/3jfi  =0,  (6a) 

3D,/ax, +3/)2/ax,=0.  (6b) 

Substituting  eqs.  (5)  into  eqs.  (6)  gives 

C44F*M3+e,jF*p=0,  (7a) 

e„F*M3-€,|r’p=0.  (7b) 


Generally  speaking,  the  determinant  of  eqs.  (7a)  and 
(7b)  is  non-zero,  i.e. 


^15 


jtO. 


One  can  easily  verify  this  from  the  data  in  table  I 
which  lists  the  parameters  for  the  most  widely  used 
piezoceramics  PZT  65/35,  and  PZT-4.  Therefore, 
from  eqs.  ( 7 )  one  has 


We  choose  the  .V2=0  to  be  the  reference  plane  for 
electric  potential  [0(X2=O)=:O].  Therefore,  the  two- 


Table  I 

The  elastic,  dielectric  and  piezoelectric  coefTicienu  for  PZT  6S/3S  from  ref.  ( 10)  and  PZT-4  from  ref  { 1 1  ] 


Piezoelearic  ceramic  PZT  6S/35 

Piezoelectric  ceramic  PZT-4 

cf,  a  1.594x10"  N/m’ 

e„  *-6.1 27  C/m' 

cf,*l3.9xlO'®N/m' 

ej,  =  -  5.2  C/m' 

cfi-7.3g5xlO'®  N/m' 

eu- 10.71  C/m' 

cf,*6.78xlO'®N/m' 

e„*  15.1  C/m' 

cf,»  1.261  X  10"  N/m' 

e„«8.387C/m' 

cf,*I7.43xlO’®N/m' 

eis*  12.7  C/m' 

cl,  =  3.89xl0'*N/m’ 

«„»5.66xl0-’F/m 

c!,*ll.5xI0'®N/m' 

f„*6.45xl0-*F/m 

fJ,-4.276xl0‘*N/m’ 

*„«2.243xl0-’F/m 

cL««2.S6xlO'®N/m' 

cJ,-3.06xl0'®N/m' 

«i)  =  5.62x  10"*F/m 
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dimensional  problem  (on  .V}=0  plane)  contains  one 
mirror  symmetry  line  (Xi  axis)  and  the  inversion 
symmetry,  thus  we  only  need  to  study  this  problem 
in  the  first  quadrant  of  the  Jt3=0  plane  (Jf|>0; 
Xj  >  0 ),  as  illustrated  in  fig.  2.  On  the  x,  axis  we  have 
two  boundary  conditions  for  Xi  >  a: 

U)=0.  whcn|.r,  |>a;  {9a) 

4»=0,  when|.r,  |>a.  (9b) 

In  addition,  the  contour  of  the  crack  is  free  of  me¬ 
chanical  load  and  the  crack  may  be  considered  as  a 
vacuum  or  air-filled  cavity.  Since  the  value  <o/<i 
very  small  (<o  vacuum  permittivity;  <,  is  ferroe¬ 
lectric  ceramics  permittivity),  the  following  bound¬ 
ary  conditions  also  hold  on  the  X|  axis  (7,8): 


tTj2=0.  whenl.Xil^a;  (10a) 

Dz=0.  whenl.t,  |Sa.  (10b) 

The  strain  and  the  applied  electric  field  strength  at 
X2-L/2  are  S  and  £<>,  respeaivcly.  Hence,  the 
boundary  conditions  at  X2=L/2  are 

-8<»/6.V;|„.t/;=£o.  (lla) 

0Mj/0.Tj|„.i/:  =  25.  (lib) 


As  shown  in  fig.  1 .  £  is  the  sample  dimension  in  .r- 
direction  and  2a  is  the  width  of  the  cut  in  .r,  direc¬ 
tion  with  L  »  2a. 

The  Laplace  equation  ( 8 )  can  be  solved  by  using 
Fourier  transformation  technique  {6  ].  The  solutions 
for  the  displacement  1^3  and  the  electric  potential  <p. 
which  satisfy  the  boundary  conditions  of  eqs.  (10) 
with  arbitrary  larger  L,  are 


Fig.  2.  The  .t)  =  0  plant  which  is  a  cross  section  of  fig.  1,  The  x, 
axis  IS  a  mirror  symmetry  line. 


«3{jri.A2)  =  2S^.t:-l-  ^  j.4(i*)  e-*"cos(i^t,)  difj. 


(12a) 


r  *  T 

^(x,,X2)  =  -£o|^.t2+  ^  j  fl{iJ)e-^'’cos(iix,)d(jJ. 


(12b) 


From  eqs.  (12)  and  (10).  the  unknown  functions 
/1(0  and  Bii)  can  be  determined  by  the  Daul  in¬ 
tegral  equations: 

M‘JH({).fi(<J)lcos(4t,)di=I  . 

It  J 
0 

Oixi^a;  (13a) 

OO 

j  [--KO.  5(4)1  cos(iv,)d<J=0.  (^^b) 

0 


The  solutions  of  eqs.  (13a)  and  (13b)  are 


.4(0  =  5(4)  =  (tta/2)4-7,(a4)  .  (14) 

where  J,(ai)  is  the  first-order  Bessel  function. 

Finally,  in  order  to  evaluate  the  stress  and  the  elec¬ 
trical  displacement  intensity  factors.  /Tm  and  £iv.  we 
derive  the  distributions  of  stress  and  electric  field  in 
the  vicinity  of  a  crack  tip  along  the  x,  axis. 


<T3j(-T|.0)=0. 

di  |.x,  1 

|.x,l>a. 

(15a) 

Dj(.x,.0)=0. 

|.vil<a. 

dj  !.r,  1 

"yxT-fl-” 

|.v,|>a. 

(15b) 

Here, 

d|  =2c*4S— ei5£o  > 

(I6a) 

dj =<ii  £0  +  2^1  yS ; 

(16b) 

d,  and  dj  arc  the  total  stress  and  electric  displace¬ 
ment  at  X2  =  L/2,  respectively.  Obviously,  from  eqs. 
(15)  both  stress  and  electric  displacement  fields  di- 
vcige  at  the  crack  tip  and  decrease  toward  asymp¬ 
totic  values  d,  for  |jr,|  »a.  According  to  the  defi- 
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niiions  of  the  stress  and  the  electric  displacement 
intensity  factors  (6.7),  we  have 

AT,,,  =  lim  y/lnixi -a)  a2)(x,,0)  =  y/^d,,  (17a) 

ATiv  =  lim  y2ji(x,  -a)  Di{x,,0)  =  ^/iiadi.  (17b) 

Eqs.  (17a)  and  (17b)  are  analogous  to  the  fracture 
conditions  known  for  anisotropic  materials  (3,12), 
however,  here  the  coelTlcients  dt  and  di  contain  both 
mechanical  and  electric  contributions,  reflecting  the 
characteristic  of  piezoelectric  materials.  It  is  inter¬ 
esting  to  note  that  these  two  contributions  can  either 
be  additive  or  cancel  each  other  in  one  of  the  two 
intensity  factors,  depending  on  the  relative  direction 
between  the  applied  electric  field  and  the  external 
mechanical  load.  In  other  words,  the  applied  electric 
field  (mechanical  stress)  can  either  weaken  or  en¬ 
hance  the  stress  (electric  displacement)  concentra¬ 
tion  in  a  piezoelectric  matenal.  The  overall  strength 
of  a  material  is  characterized  by  the  critical  values  of 
the  two  intensity  factors,  /({n  and  /(fv  However,  the 
additive  nature  of  the  two  contributions  in  at  least 
one  of  the  intensity  factors  does  not  imply  that  a  pi¬ 
ezoelectric  material  is  weaker  than  a  non-piezoelec¬ 


tric  matenal.  which  also  depends  on  the  magnitude 
of  /C|ii  and  /(fy. 

This  research  was  supported  by  the  Office  of  Na¬ 
val  Research  under  Grant  No.  N00014-89-J-1689. 
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A  SO  *C  shiR  in  Curie  temperature  has  been  observed  for  e-axis  oriented  PbTiOj  thin  films 
using  x-ray  dilTraction.  An  analysis  of  the  electrostrictive  strain  based  on  the 
Devonshire  thermodynamic  formalism  showed  that  the  shift  in  the  Curie  point  for  these  films 
can  be  plausibly  explained  by  an  effective  two-dimensional  compressive  stress  of  :s400 
MPa.  The  single-domain,  single-crystal  dielectric  susceptibility  and  piezoelectric 

coefficient  (dij)  were  calculated  and  found  to  be  relatively  unaffected,  at  room 
temperature,  by  a  compressive  stress  of  this  magnitude. 


Kushida  and  Takeuchi'  have  reported  excellent  piezo¬ 
electric  properties  for  highly  c-axis  oriented  PbTi03  thin 
films  prepared  by  seeded  lateral  overgrowth  onto  Pt  elec¬ 
trodes  recessed  onto  a  single-crystal  SrTiOj  substrate. 
However,  x-ray  diffraction  measurements^^  showed  that 
the  cubic-tetragonal  phase  transition  occurred,  for  some 
films,  at  a  temperature  nearly  SO  *C  higher  than  that  ex¬ 
pected  for  PbTiOj  single  crystals  (r,3:490*C).^  Further¬ 
more,  at  room  temperature,  these  films  were  found  to  be 
elongated  along  the  c  axis,  with  a  c/a  axial  ratio  of  1.076, 
about  1.2%  larger  than  for  pure  PbTiO). 

Consideration  of  the  Devonshire  thermodynamic 
formalism*’*  for  ferroelectric  perovskites  reveals  that  a 
two-dimensional  stress  can  be  very  effective  in  displacing 
the  Curie  temperature.  Based  on  the  x-ray  data,  it  is  there¬ 
fore  tempting  to  speculate  that  the  large  shiR  in  the  Curie 
point  observed  for  the  epitaxial  PbTi03  films  is  the  result  of 
a  two-dimensional  compressive  stress  oriented  orthogonal 

_ I 


to  the  c  axis.  Indeed,  simple  calculations  suggest  that  lat¬ 
tice  and  thermal  expansion  mismatch  with  the  substrate 
can  conceivably  result  in  a  large  net  compressive  stress 
(>  1  GPa).  Unfortunately,  the  contributions  to  stress  re¬ 
laxation  mechanisms  from  lattice  and  microstructural  im¬ 
perfections,  the  film/substrate  interface,  etc.,  are  unknown, 
so  that  it  is  very  difficult  to  predict  with  certainty  the  mag¬ 
nitude  of  the  prevailing  stress. 

Alternatively,  the  coefficients  of  a  modified  Devonshire 
energy  function  for  PbTi03  have  been  recently  determined* 
and  shown*  to  satisfactorily  predict  the  shift  of  the  Curie 
point  with  hydrostatic  stress.  In  this  letter,  we  use  the 
thermodynamic  theory,  along  with  the  most  recent  x-ray 
results,*  to  show  directly  that  the  shift  of  the  Curie  point  in 
oriented  ferroelectric  thin  films  can  be  plausibly  explained 
in  terms  of  a  twoKhmensional  stress  effect. 

The  appropriate  free-energy  function  for  PbTi03  is 


+  +  Of  i(/’J  +  +  /^)  +  Otjf/’fJ’}  +  -h  /^)  +  0t||2{/^(P2  -I- 

FJc/*!  -t 2^)  +  4-  Pj)]  QijjfPiPjPj)  ~ii)j(^i  +  X\  +  X\)  —  SfjiXfXj  -I-  XjXj  -t-  XyXf) 

- 1  s^iXl  +  Xl  +  Xl)  -  QuiXff^f  +  Xili  +  Xili)  -  Qf2[Xf(li  +  Ii)+  Xii/^f  -f  P*)  -f  XM  +  ] 

-  QuiX^PiPi  -f  X^fPi  -»-  X^fPi )  (1 ) 


where  P,  and  Xj  are  the  polarization  and  stress,  respec¬ 
tively;  Oi,  Ojj,  and  a,yt  are  the  dielectric  stiffness  and  higher 
order  stiffness  coefficients  at  constant  stress;  are  the  elas¬ 
tic  compliances  at  constant  polarization;  and  Q,j  are  the 
cubic  electrostrictive  constants  in  polarization  notation. 
The  dielectric  stiffness  constant,  Of,  is  given  a  linear  tem¬ 
perature  dependence  based  on  the  Curie- Weiss  law 

a,=:(r-6)/2€oC  (2) 

where  C  is  the  Curie  constant  and  0  the  Curie-Weiss  tem¬ 


perature.  All  other  coefficients  are  assumed  to  be  indepen¬ 
dent  of  temperature  and  stress,  and  have  the  values  given 
previously.*’* 

In  the  reduced  notation,  the  tensile  stresses  are  de¬ 
noted  by  AT,,  A"  2,  Xy  and  the  shear  stresses  by  ^’4,  X^,  A^. 
For  a  two-dimensional  stress  H,  we  assign  Xf=Xj=H  and 
A3=A4=A5=A4=0.  Following  the  appropriate  sign 
convention**  based  on  Eq.  ( 1 ),  a  compressive  stress  is  im¬ 
plied  when  H  is  negative. 

Equation  ( I )  has  two  solutions  of  interest  for  PbTi03, 
corresponding  to  the  prototypic  cubic  (Pm3m)  and  ferro¬ 
electric  tetragonal  (P4mm)  states.  These  are 
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FIG.  I.  CalcuUied  shift  of  the  Curie  temperature  for  PbTiO]  subjected  to 
two-dimensioiuil  (2'D)  compressive  stress  oriented  orthogcMul  to  the  c 
axis  and  hydrosuiic  (3-D)  compressive  stren. 

(3) 

The  spontaneous  polarization  is  determined  from 

the  first  partial  derivative  stability  condition 

5G,/5/>,=0  (4) 

or 

/’j={  —  Oil  -(-  (aji  —  3aii|(o(|  —  IQij/f)!  ^}/3o[iii. 

(5) 

If  the  polarization  dependence  of  the  free  energy  is  to  re¬ 
main  unchanged  under  a  constant  stress  H,  a  shift  hT  ot 
the  transition  temperature  is  required  to  equate  the  ener¬ 
gies  of  the  cubic  and  tetragonal  states.  Prom  Eqs.  (2)  and 
(5) 

Ar=4eoCC,2/f.  (6) 

The  shift  in  the  Curie  point  under  a  hydrostatic  stress  a 
may  be  similarly  derived* 

^T=2foClQii  +  2Qi2}o-  (2) 

As  shown  in  Fig.  1,  since  the  electrostrictive  constant  Q12 
is  negative  and  the  sum  {Qw  -f-  2^,2)  is  positive,’  a  two- 
dimensional  compressive  stress  orthogonal  to  the  c  axis 
will  shift  the  Curie  point  to  higher  temperatures,  while  a 
hydrostatic  stress  will  shift  it  to  lower  temperatures.  Note 
that  a  two-dimensional  stress  is  a  factor  of 


TtMPERATX/RECO 

FIG.  2.  Meanired  Mnin  eomponenU,  x,  tiid  x,.  vs  lempcnture  for  a 
CHUM  orienced  Pbri03  thin  Man. 


POLARIZATION  SQUARED  (C ’ /m '' ) 

FIG.  3.  Measured  strain  components,  X|  and  for  a  c-asis  oriented 
PbTiO]  thin  film  vs  the  calculated  square  of  the  polarization. 

2612/(^11  +  2^12)  =:  1.4  times  more  effective  at  displacing 
the  Curie  point  than  a  hydrostatic  stress  of  equal  magni¬ 
tude.  If  AT  =  -I-  SO*C  as  determined  from  the  x-ray  mea¬ 
surements,  from  Eq.  (6)  we  predict  a  two-dimensional 
compressive  stress  of  350  MPa. 

To  verify  whether  such  a  stress  is  reasonable,  we  recall 
that  the  strains  along  the  a  and  c  axes  can  be  determined 
from  the  lattice  constants  using 

=  and  Xi=  (c,  -  a')/a'  (8) 

where  a,  and  c,  are  the  tetragonal  cell  constants  and  a'  is 
the  equivalent  cubic  cell  constant  taken  here  as 
Using  Eq.  (8)  and  the  x-ray  data,^  the  strain  components 
X,  and  X}  were  calculated  over  the  temperature  range  of  25 
to  540 ’C.  The  results  arc  shown  in  Fig.  2.  From  Eq.  (I), 
however,  the  strain  matrix  is  also  given  by 

SGi/SXi^^x,  (9) 

or  for  the  tetragonal  state 

+  (*11  +  ^12)^.  =  +  ^12^-  (10) 

Consequently,  plots  of  the  measured  strain  components 
against  fj,  calculated  from  Eq.  (5),  should  yield  straight 
lines  with  slopes  equal  to  the  assumed  electrostrictive  con¬ 
stants  and  intercepts  proportional  to  the  assumed  stress. 
Since  the  constants  ^n,  S||,  and  5|2  are  not  used  in  the 
calculation  of  either  fjor  //  [Eqs.  (5)  and  (6)],  and  since 
no  special  relationship  between  Qn  and  ^12  has  been  as¬ 
sumed,  it  can  be  readily  verified  whether  an  analysis  based 
on  Eq.  ( I )  is  appropriate. 

As  shown  in  Fig.  3,  a  linear  relationship  between  the 
measured  strain  components  and  the  calculated  polariza¬ 
tion  squared  was  in  fact  obtained.  Using  Eq.  (10),  the 
values  of  Qn,  Q,2’  ^  determined  from  the  plot 

using  the  known  values  of  Sn  and  Sjy  and  are  compared  to 


TABLE  I.  Rctuhs  of  the  stress  analysis  based  on  Eq.  ( 10). 


Quantity 

Assumed  value 

Derived  value 

0„(mVC*) 

0.089 

0.081 

g„(mVC*) 

-0026 

-0.039 

(MPa) 

-3S0 

-435* 

'Averaie  of  the  two  intercept  valuts. 


2S2S  Appi.  Ptiyt.Latt..Vol.59.No.20.  11  N0V8mtMr1991 


Rossattt,  Cross,  and  Kushida  2525 


2-D  COMPRESSIVE  STRESS  (MPa) 

no.  4.  emulated  room  temperature  dielectric  susceptibility  (i)jj)  and 
piezoelectric  coefficient  (du)  of  PbTiOi  vs  two-dimensional  compressive 
stress. 

the  assumed  values  in  Table  I.  The  good  qualitative  agree¬ 
ment  of  the  expected  values  with  those  derived  from  Fig.  3 
suggests  that  (he  shift  of  the  Curie  point  in  these  films  is 
consistent  with  an  effective  two-dimensional  compressive 
stress  of  approximately  400  MPa. 

Considering  now  the  effect  of  compressive  stress  on  the 
film  properties,  appropriate  second  partial  derivatives  of 
Eq.  ( 1 )  give  the  reciprocal  dielectric  susceptibilities  ixtj) 
and  the  piezoelectric  constants  (6,y) 

6^C/6PfiPj=Xij  “d  S^G/SPj5Xj=  -  b,j.  (11) 


The  dielectric  susceptibilities  (rj,j)  and  piezoelectric  charge 
coefficients  {djj)  may  then  be  obtained  from 

71,j=Aj/^  and  dtj==bkp},k  (12) 

where  is  the  cofactor  and  A  is  the  determinant  of  the  x,j 
matrix.  The  effect  of  a  two-dimensional  compressive  stress 
on  the  room  temperature  values  of  1}^  and  r/jj  is  shown  in 
Fig.  4.  The  results  confirm  that  although  a  stress  of  4(X) 
MPa  can  lead  to  a  substantial  shift  in  the  Curie  point  for 
the  c-axis  oriented  films,  no  significant  change  in  the  di¬ 
electric  or  piezoelectric  properties  at  room  temperature  is 
expected. 

The  authors  thank  Mr.  K.  R.  Udayakumar  for  useful 
discussions. 
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x-ray  and  phenomenological  study  of  lanthanum-modified  lead  zlrconate- 
tltanates  In  the  vicinity  of  the  relaxor  phase  transition  region 
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X-ray  diffraction  analyses  of  chemically  derived  Pb|.;,La,(Zra«5Tio.)5)i_x/40]  powders  were 
combined  with  a  phenomenological  theory  to  investigate  the  corresponding  single<rystal 
thermodynamic  properties  of  compositions  approaching  the  relaxor  ferroelectric 
phase  transition  region  (xaO-0.04).  The  temperature  dependence  of  the  electrostrictive 
strain  component,  X4.  could  be  described  by  the  Landau-Ginsburg-Devonshire 
phenomenological  theory  taking  T,  «  3S7  *C  independent  of  La  content  (x).  The  single¬ 
domain,  single<rystal  elastic  Gibbs  free-energy  density  was  calculated  as  a  function  of 
temperature  and  composition.  The  calculated  results  were  discussed  in  relation  to  a 
simple  superparaelectric  model  of  relaxor  behavior  involving  the  temperature  subilization  of 
noninteracting  polar  microregions. 


I.  INTRODUCTION 

Ferroelectrics  showing  relaxor  phase  transition  behav¬ 
ior  are  of  considerable  theoretical  as  well  as  practical  in¬ 
terest.  These  materials  find  a  variety  of  applications  in  ce¬ 
ramic  form,  particularly  as  elearostrictive  actuators  and 
capacitor  dielectrics.  The  best  studied  class  of  relaxor  fer¬ 
roelectrics  are  compounds  and  solid  solutions  of  oxides 
crystallizing  with  the  single  perovskite  structure.  Al¬ 
though  the  mechanisms  underlying  relaxor  behavior  in  the 
perovskite-based  systems  are  not  yet  clear,  frustration  of 
the  normal  ferroelectric  transition  appears  to  arise  in  gen¬ 
eral  due  to  nanostructural  lattice  imperfections  which  lo¬ 
cally  lower,  but  do  not  destroy  entirely,  the  translational 
symmetry.  Smolensk! '  first  proposed  the  widely  held  view 
that  the  origin  of  the  symmetry  lowering  lies  in  chemical 
microheterogeneity,  which  in  turn  results  in  a  broad  dis¬ 
tribution  of  local  Curie  temperatures.  Alternatively,  from  a 
series  of  transmission  electron  microscope  (TEM)  stud¬ 
ies.^  it  now  appears  that  for  the  complex  i4(B|B})0)  per¬ 
ovskite  compounds,  the  origin  lies  in  the  coherence  length 
of  the  long  range  B-site  ordering.  Other  structural  features 
involving  defect  dipoles,  inhomogeneous  order,  and  incom¬ 
mensurate  phase  transitions  may  also  play  a  role  in  relaxor 
behavior.’ 

Cross*  has  pointed  out  that  the  development  of  a  suble 
ferroelectric  polarization  within  a  postulated  microregion 
of  a  relaxor  crystal  requires  that  the  energy  barrier  sepa¬ 
rating  symmetry  equivalent  polarization  orientation  states 
be  sufficient  to  stabilize  the  region  against  thermal  agiu- 
tion.  Since  ferroelectricity  is  a  cooperative  phenomenon,  all 
energies  scale  with  volume.  Consequently,  by  analogy  with 
ferromagnetism,  superparaelectric  behavior  may  result  if 
the  microregions  caimot  develop  sufficient  volume  subili¬ 
zation  or  electrocrystalline  anisotropy  energy  with  respect 


to  other  degrees  of  freedom.  Although  the  superparaelec¬ 
tric  model  accounts  for  many  of  the  observed  propenies  of 
relaxor  ferroelectrics,  such  as  the  frequency  dependence  of 
the  permittivity  and  dielectric  aging,’  *  few  quantiUtive  es¬ 
timates  have  been  reported  regarding  the  microregion  size 
and/or  composition  dependence  of  the  energy  barriers  sep¬ 
arating  equivalent  polarization  orienution  states  for  actual 
relaxor  crystals. 

The  Landau-Ginsburg'Devonshire  (LGD)  frer-en- 
ergy  formalism  provides  a  realistic  macroscopic  thermody¬ 
namic  description  of  the  single-domain,  single<rysul  elas- 
todielectric  properties  of  normal  (proper)  ferroelectric 
materials.’  In  the  absence  of  suiuble  quality  single<ry$tal 
samples,  high-temperature  cell  parameter  measurements 
have  proved  invaluable  in  the  development  of  the  phenom¬ 
enological  thermodynamic  theories  for  several  perovskite 
ferroelectrics  and  their  solid  solutions.**’  These  measure¬ 
ments  esublish  the  temperature  dependence  of  the  sponu- 
neous  elastic  strain,  which  is  related  through  the  electros¬ 
trictive  strain  equations  to  the  spontaneous 
polarization.'**"  The  spontaneous  polarization  is  the  mac¬ 
roscopic  order  parameter  for  the  paraelectric-ferroelectiic 
(PE-FE)  phase  transition,  and  its  temperature  dependence 
can  be  us^  to  determine  the  higher-order  dielectric  stiff¬ 
ness  coefficients  needed  to  evaluate  the  elastic  Gibb's  free- 
energy  density  function. 

Previous  investigations  have  utilized  this  approach  ex¬ 
tensively  in  phenomenological  studies  of  the 
PbZr,Tt|.,0)  (PZT)  solid  solution  system.'**'’  In  the 
present  work,  we  extend  the  x-ray  measurements  to  the 
relaxor  Pb|_^,(Zr,Ti)_,)|_;^40j'*  (PLZT)  system 
and  consider  the  compositional  series  where  ^«0.6S  (also 
denoted  as  X/6S/3S).  As  judged  from  the  published  phase 
diagram”  (Hg.  1),  compositions  in  this  series  begin  to 
exhibit  significant  relaxor  ferroelectric  character  only  for 
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FIG.  I  Phisc  dUfrem  for  PLZT  X/65/13  (aftef  Ref.  13).  (#)  dieiccitic 
Miteepiibiliiy.  (O)  dielccthc  ua  6.  (□)  loogitudiiul  lound  velocity). 

x>0.04.  In  this  study,  we  examine  compositions  with 
x<0.04,  and  show  that  they  are  amenable  to  treatment 
using  the  simple  LCD  formalism.  This  allows  for  the  eval* 
nation  of  the  single*domain,  single<ry$tal  elastic  Gibb's 
free-cnergy  density  as  a  function  of  temperature  and  com* 
position  in  the  vicinity  of  the  relaxor  phase  transition  re' 
gion.  The  results  are  discussed  in  relation  to  an  idealized 
superparaelectric  model  of  relaxor  behavior. 

II.  EXPERIMENTAL  PROCEDURE 

PLZT  powder  samples  were  prepared  from  lead  ace' 
ute  trthydrate,  lanthanum  isopropoxide,  zirconium  n-bu- 
toxide.  and  titanium  isopropoxide  according  to  a  modifi¬ 
cation  of  a  procedure  described  earlier.'*  All  manipulations 
of  the  suiting  chemicals  and  reaction  mixtures  were  car¬ 
ried  out  in  a  glove  box  under  dry  nitrogen.  Initially,  1:8 
(m/ro)  solutions  of  the  lead  compound  and  of  the  com¬ 
bined  alkoxides  in  2-methoxyethanoi  (2-MOE)  were  pre¬ 
pared.  The  Pb  solution  was  dehydrated  by  boiling  and  the 
combined  alkoxide  was  refluxed  ( =  1  h  in  each  case)  prior 
to  mixing  at  approxinutely  100  *C  The  mixed  solution  was 
then  refluxed  until  a  constant  boiling  temperature  of  124  *C 
(the  boiling  point  of  pure  2-MOE)  was  attained.  At  this 
suge,  the  HjO  content  of  the  solution,  as  measured  by 
Karl  Ftsener  utraikm,  uad  bccu  reduced  to  <  S  ppm.  The 
refluxed  solution  was  then  concentrated,  cooled,  filtered 
through  a  0.5-^m  filter,  and  adjusted  in  concentration  to 
0.6  M.  Prior  to  hydrolysis,  6  mol  %  Pb  in  excess  of  the 
formula  amount  was  introduced  as  a  dehydrated  solution 
of  lead  aceute  in  2-MOE.  The  resuhi^  solution  was 
chilled  to  —  2S  *C  and  excess  water  for  hydrolysis  ( >  4:1 
mo)  H]0/mol  alkoxide)  was  added  as  a  1-2  (vol/^ol)  so- 
lutiaa  in  2-MOE.  The  hydrolyzed  solution  was  gelled  by 


heating  in  sealed  vials  to  80  *C.  The  gels  were  then  air  dried 
for  2  days  at  90  *C,  ground  in  an  agate  mortar  and  pestle, 
and  calcined  to  a  maximum  temperature  of  1 100  *C  for  I  h 
with  intermediate  bolds  on  heating  at  2S0*C  (30  min), 
SOO’C  (2h).  and  800*C  (6  b). 

The  nominal  compositions  of  the  resulting  powders 
were  determined  from  x-ray  fluorescence  and  inductively 
coupled  plasma  atomic  emission  spectroscopy.  The  resid¬ 
ual  carbon  content  was  determined  from  combustion  anal¬ 
ysis.  Particle  size  and  morphology  were  examined  using 
scanning  electron  microscopy  (SEM).  The  PE-FE  phase 
transition  character  was  ev^uated  by  differential  scanning 
calorimetry  (DSC)  performed  at  a  heating  rate  of  I0*C/ 
min  under  flowing  Nj.  X-ray  diffraction  measurements 
were  carried  out  on  a  carefully  aligned  automated  diffrac¬ 
tometer  employing  Cu  Xa  radiation.  The  temperature  sta¬ 
bility  of  the  sample  hot  stage  was  ±0.1  *C  over  the  mea¬ 
surement  range  (  -  50-300 ’C).  All  analyses  of  the  x-ray 
data  were  performed  using  commercially  available  soft¬ 
ware. 

Sample  homogeneity  was  assessed  from  x-ray  line 
broadening  measurements.  Semiquantiutive  estimates  of 
the  root  mean  squared  (rms)  lattice  strain  and  effective 
crystallite  size  were  obtained  based  on  a  modified  Warren- 
Averbach  analysis'^  of  the  ( 1(X})  and  (200)  x-ray  line  pro¬ 
files  using  the  ( 100)  and  (201)  reflections  of  quartz  as  an 
external  reference  standard.  The  profiles  were  obtained  as 
step  scans  using  a  step  size  of  O.OOr  20  and  count  times  of 
2-10  s  to  ensure  s  10  000  counu  on  the  peak  maxima.  The 
profiles  were  corrected  for  background  and  Xoj  prior  to 
analysis. 

The  rbombohedral  angle  (a)  was  determined  as  a 
function  of  temperature  by  refinement  over  four  pairs  of 
reflections.  The  step  size  (in  degrees  20}  and  count  time 
for  each  pair  of  reflections  were  as  follows:  ( 1 1 1 )/( 1 1-l ), 
O.OOy/2  s;  (220)/(20.2),  0.01VS  $;  (222)/(22-2). 
0.02V10s;  (420)/(40-2),  0.02VI5  s.  Accurate  assignment 
of  the  peak  positions  was  facilitated  by  fitting  with  a  Mar- 
quardt  least-squares  routine  that  properly  accounted  for 
the  Xa  splitting.  In. this  routine,  the  only  fixed  parameter 
was  the  peak  width,  which  was  held  constant  at  the  room- 
temperature  value.  This  procedure  generally  permitted  the 
cell  constants  to'be  refined  with  an  absolute  angular  preci¬ 
sion  of  better  than  0.025*  20  although,  especially  for  the 
higher  La  content  samples,  the  relatively  broad,  low  inten¬ 
sity  (420)/(40'2}  pe^  occasionally  had  to  be  omitted 
from  the  analysis. 

III.  RESULTS  AND  DISCUSSION 
A.  Matorlala  charaetortzatlon 

As  shown  in  Fig.  2.  the  alkoxy-derived  PLZT  powders 
were  well  crystallized  and  showed  sharp  diffraction  peaks 
for  the  rhombohcdral  perovskite  phaM.  No  secondary 
phases  were  detected  by  x-ray  diffraction.  Residual  carbon 
from  the  metalorganic  precursors  was  found  to  be  less  than 
200  ppm.  The  final  concentration  of  the  volatile  Pb  com¬ 
ponent  agreed  with  the  expected  values  to  within  a  few 
percent  The  DSC  analyses  showed  only  a  flat  featureless 
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F10.  2.  Powder  t>r«y  diffcactiao  paitcni  for  Pbi.JU. 

(Z»a4iTi*Js)  I  -  t/*Oy 

baseline  in  the  temperature  range  of  2S-4SO  *C,  consistent 
with  the  expectation  of  second-order  phase  transition  be* 
havior  based  on  previous  studiei'of  rhombohedral  PZT 
compoaitioas.'* 

The  results  of  the  Warren-Averbach  crystallite  size/ 
nns  lattice  strain  analysis  are  shown  in  Table  I.  Within  the 
error  of  the  analysis,  the  effective  crystallite  size  wu  a 
constant  S3  nm.  in  good  qualitative  agreement  arith  the 
primary  particle  size  determined  frcmi  direct  observation 
by  scanning  electron  microscopy.  The  rms  strains  were 
also  nearly  constant,  but  perhaps  increased  somewhat  as 
the  relaxor  phase  transition  region  was  closely  approached. 
Although  the  absolute  magnitudes  of  lattice  strains  de* 
duoed  from  x*ray  line  broadening  measurements  must  be 
interpreted  with  care,  it  is  interesting  to  note  that  the  val* 
ues  so  obtained  are  comparable  to  the  electrostrictive  shear 
strain  component  X4.  In  the  unmodified  PZT  system,  a 
nonzero  value  of  the  rms  strain  has  been  associated  with 
composition  fluctuations.'*’*  Table  I  also  shows,  however, 
that  the  electrostrictive  shear  strain  component,  which  is 
related  to  the  rhombohedral  angle  (o)  by^' 

jr«-.(90-a)/90  (1) 


no.  3.  SpootMMOW  rtowk  wain  dau  for  Pb|.,U, 
(Zr«uTioM)i . ,/«0|  (A3m  phaie).  The  eolid  tinea  repfeaeni  Ute  bm  || 
10  ihe  clectnauictive  atiaa  equaaona  takias  a  compoaiuan  independent 
value  of  n-r^as  357XX 

taneous  polarization,  we  might  reasonably  speculate  that 
small  composition  variations  have  a  more  pronounced  ef¬ 
fect  on  the  ferroelectric  properties  of  the  La-modified  ma¬ 
terials  as  compared  with  pure  PZT.  At  higher  tempera¬ 
tures,  this  effect  may  become  even  more  important,  since 
measurements  on  a  sample  with  x»0.04  showed  that  the 
rms  strain  began  to  exceed  the  electrostrictive  strain  above 
=250 ‘C 


decreased  markedly  with  the  addition  of  even  small 
amounts  of  La.  In  fact,  at  room  temperature,  the  relative 
change  of  x*  with  La  content  (dx^/Ax  »  —0.023)  was 
nearly  an  order  of  magnitude  larger  than  the  change  with 
Zr  content  (dx«/Ay  —0.0023)  observed  for  unmod¬ 
ified  PZT  compositions  across  the  rhombohedral  phase 
field.’'  Since  the  shear  strain  is  directly  related  to  the  spon- 


TABLE  I.  Rhonboiiedral  aoilc  (a),  tpoaiaacou*  Waia  (a,),  (fftetivc 
erystaUitt  dae  (/>,•),  and  nw  tanioe  ttraia  for 

-  ,La,(Zr*»jTi#ii)i .  ai  27  "C 


M 

X* 

Dm 

(nm) 

cmr  nafc 

aoo 

I9.M4 

000331 

92.4*1.7 

000129 

000123-0.00139 

0.01 

ts.sss 

000339 

33.4*1.7 

000111 

000112-0.00129 

002 

19.101 

0.00324 

34.1*13 

000120 

000111-000131 

oos 

S9.7U 

0.00242 

32.0*1.3 

000144 

000142-000193 

B.  Temporaturt  depondenea  of  spontanoous  strain 

The  temperature  dependence  of  the  electrostrictive 
strain  component  x«  in  the  region  of  Rim  phase  subility  is 
shown  for  x»0.00,  0.02,  and  0.04  in  Fig.  3.  The  terminus 
of  each  curve  represents  the  temperature  above  which  the 
cell  parameters  could  no  longer  be  refined  with  the  desired 
precisioti,  not  the  temperature  of  transition  to  cubic  sym¬ 
metry.  Were  a  phase  change  to  occur,  the  large  values  of 
the  strain  prevailing  at  these  temperatures  would  dicute 
that  it  occur  by  a  first-order  or  nearly  first-order  transition. 
Since  no  latent  heat  change  wu  detected  in  this  range  by 
DSC  it  wu  concluded  that  the  rfaombohedral-cubic  (riiase 
change  occurred  by  a  second-order  tranution  at  tempera¬ 
tures  higher  than  those  to  which  a  well-defined  rhomtohe- 
dral  shew  remained  evident  uiukr  interrogation  by  x-ray 
wavelength  probing  radiation. 

To  invntigate  this  poaaibility  further,  the  temperature 
dependence  of  the  qiontaneous  strain  wu  modeled  using 
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the  Landau-Guuburg-Devonshire  (LCD)  free-energy  formalism.  Using  reduced  tensor  noution.  an  appropriate  expres¬ 
sion  for  the  elastic  Gibbs  free-energy  density  of  a  ferroelectric  of  rhombohedral  symmetry  derived  from  a  cubic  prototype 
of  symmetry  Pmim  is;'^ 

C,  - 3;re(  T  -  To)li  + -i-  -  \suiX]  +  X\-^  X])  -  5„(Jir,;rj 

-I-  XiXi  +  )  -  isuixl  +  x\+ xl)  -  (c,,  -f  le,,)  (-r,  +  jr, + jr,)pj  -  q^{x, 

+  Xf  +  Xi)f^  —  (Pjj  +  2A|])(^i  +  Xi  +  Xi)^  —  ^44(^4  -f  JTs  -4-  Xi)6^  (2) 


where  Pj  is  a  vector  component  of  spontaneous  polariza¬ 
tion;  03  is  a  component  of  the  oxygen  octahedral  tilt  angle; 
X,  is  a  tensor  component  of  elastic  stress;  Xo>  $•  t 
related  to  the  dielectric  stiffness  and  higher-order  stiffness 
coefficients  at  constant  stress;  0,  v  are  related  to  the  ocu- 
bedraJ  torsion  coefficients;  ^  is  related  to  the  coupling  co¬ 
efficients  between  polarization  and  tilt  angle;  are  the 
elastic  compliances  at  constant  polarization;  Qij  are  the 
cubic  electrosuiction  constants  in  polarization  notation; 
and  R,j  are  the  rotostrictive  coefficients  coupling  tilt  angle 
and  stress. 

Considering  initially  only  the  phase  of  Rim  symmetry 
(0j  »0),  from  the  first  partial  derivative  stability  condi¬ 
tion 

6G,/0Pj-O,  13) 

the  spontaneous  polarization  for  a  second-order  traitsition 
( To  a>  r,)  at  constant  and  zero  stress  is 

P,J.  { -  f  +  Ifi  -  9:to(  r  -  (4) 

with  Xo  *  l/(2coC),  where  C is  the  Curie  constant  and  Cq  is 
the  permittivity  of  free  space.  Rearranging  to  eliminate  the 
explicit  dependence  on  C  and  simplifying  gives 

Pj*-^{l-(l-P(r-7-,)j'^}  (5) 

with  44*  -  fC/3^C  and  B  *  95C/l2<o(5C)*l-  The  spon- 
Uneous  strain  (Jir,K0)  is  given  by  the  appropriate  partial 
derivative  of  Eq.  (2) 

-SG,/SXt^Xt=>QuPi^.  (6) 

Combining  with  Eq.  ( 3 )  yields 

X4-/<'{l-ll-B(r-r,)l'^}.  (7) 

where  A'  »  44C44. 

Note  that  the  polarization  enters  in  Eq.  (6)  as  the 
tqaare  and  so  the  strain  does  not  depend  on  the  sign  of  P. 
Furthermore,  fluctuations  of  the  polarization  among  the 
tymmetry  equivalent  orienution  sutes  are  unimportant 
provided  the  time  spent  by  the  polar  vector  along  the 
Oil)  is  long  compared  to  the  time  spent  between  states. 
The  strain  determined  from  Eq.  ( I )  therefore  reflects  the 
haw  and  space  averaged  value  associated  with  the  net  po¬ 
larization  along  the  symmetry  equivalent  (111)  orienu- 
hons  fOT  a  corresponding  hypothetical  single  crystal  of  av- 
*tage  oompositkm  (x). 

Equation  (7)  was  used  to  fit  the  spontaneous  strain 
hata  in  Fig.  3  using  a  Marquardt  nonlinear  regression  anal- 


I - 

ysis  with  A',  B,  and  T,  as  adjustable  constants.  Taking 
Tt  from  the  radio  frequency  dielectric  measuremenu  (Fig. 
1).  values  of  A'  and  B  could  not  be  found  to  adequately 
describe  the  data  for  the  x=c0.02  and  0.04  compositions. 
Convergence  could  be  achieved  for  these  compositions  by 
allowing  44',  B,  and  Te  to  vary  simultaneously,  ^though  for 
the  x*0.04  sample,  the  value  of  T,  so  obtained  bad  no 
obvious  physical  significance  and  the  values  of  A'  and  B 
became  unaccepuble  (i.e.,  B  became  very  large  and 
A'—O).  The  refractive  index  resulu  of  Bums  and  Dacol,^ 
and  the  x-ray  scattering  data  of  Darlington,^  have  shown 
that  the  onset  of  local  polarization  is  independent  of  x  for 
X  *0.07-0.093  and  occurs  at  a  temperature  Tf 
=  330-360  ‘C  (following  the  notation^  hereinafter  termed 
T4)  of  the  unmodified  PZT  end  member.  Rapid  conver¬ 
gence  to  the  fits  shown  by  the  solid  lina  in  Fig.  3  that  also 
yielded  reasonable  values  of  44’  and  was  attained  using  a 
composition  independent  value  of  T,  *  m  357  *C  The 
excellent  fit  to  the  data  in  Fig.  3  suggesu  that  the  onset  of 
local  polarization  for  the  lower  La  compositions  (x<0.04) 
also  occun  near  360  *C  and  that  the  relaxor  behavior  ob¬ 
served  for  the  higher  La  contents  is  premonitory  from  the 
introduction  of  even  small  amounts  of  La.  The  values  of 
the  fitting  constants,  44'  and  B,  are  given  in  Table  II. 

Considering  now  the  phase  of  R3c  symmetry 
(03?kO),  the  spontaneous  strain  becomes 

—  6G|/fiA’4*X4 *044^3 -f  ^4403-  (S) 

For  the  PZT  system,  R44  is  negative,^*  and  so  the  rotostric¬ 
tive  contribution  to  the  strain  lowers  the  value  relative  to 
electrostrktion  alone.  Apparently,  this  is  also  the  case  for 
the  PLZT  compositions  sthdied  here,  la  Fig.  4,  the  solid 
lines  represent  an  extrapolation  to  low  temperatures  of  the 
electrostrictive  strain  for  the  Rim  phase  according  to  Eq. 
(7),  while  the  dashed  lines  are  smoothed  fits  to  the  exper¬ 
imental  data  over  the  complete  measurement  range.  The 
points  of  departure  of  the  data  Grom  the  calculated  lines  for 
electrostriction  alone  are  roughly  in  agreement  arith  the 


Table  II.  Comuuiu  OMd  to  evaliute  Eq.  (2). 


Jl 

4«’(  X  I0-‘) 

g(  X  10- ») 

(Cl  X  10“) 
Uaf'C/C) 

fC(  X  10“) 
lJm"C/C*) 

0.00 

-3.92 

294.4 

013 

431 

0.02 

-7.73 

77.73 

1.44 

4.10 

0.0s 

-23.33 

9.92 

3.91 

2.99 
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no.  4.  Low-umpcnnifc  ipoacMaou*  unia  dtu  for  Pb|  _  .i4,(Zro«t1V)t)| .  Tbc  Mlid  lioa  art  an  eairapoUiioR  of  the  elecirosirictive  jima 
for  the  Kim  phaac.  Tbc  daihed  biMs  arc  amootbcd  lu  to  the  experimental  dau  poinu  over  the  complete  measuremcat  range.  The  arrowt  indicate  the 
M3m  —  JIV  phaae  traniitioa  temperatum  determined  from  the  acouatic  meuutcmcnta  of  Ref.  IS. 


R3m-Rie  ptuse  tmuition  temperatures  determined  from 
acouatic  measuretiienu'*  (indicated  by  the  arrows).  This 
result  suppons  the  choice  of  T,  »  used  in  fitting  the 
electrostrictive  strain  data  for  the  R3m  phase. 

IV.  PHENOMENOLOGICAL  ANALYSIS 

From  the  spontaneous  strain  measurements  described 
above,  the  spontaneous  polarization  and  singlenlomain, 
singie<rystal  elastic  Gibbs  free-energy  density  can  be  evai> 
uated  as  a  function  of  composition  and  temperature  up  to 

It  has  been  demonstrate^  that  Curie-Weiss  behavior 
is  obeyed  above  for  a  relaaor  PLZT  8/6S/3S  composU 
tion,  and  this  a  an  inherent  consequence  of  the  LCD  for* 
malism  when  TfmT^  Equation  (2),  as  applied  here,  can 
therefore  be  used  to  investigate  the  macroscopic  elastodi- 
electric  properties  for  a  hypothetical  crystal  of  average 
composition  (a)  undergoing  a  second-order  transition  to  a 
Devonshire  ferroelectric  at  Recognizing  that  this  does 
not  in  actuality  occur,  the  deviation  from  Devonshire  be¬ 
havior  is  discussed  on  the  basis  of  an  idealized  superpara- 
electric  model* 

A.  Spontannoua  polartiatlon 

The  spontaneous  polarization  was  determined  from  the 
x-ray  strain  measurements  and  Eq.  (6),  and  is  shown  for  a 
representative  sample  with  x«O.OG  in  Fig.  3.  The  electros¬ 
trictive  constant  Qu  in  Eq.  (6)  was  taken  to  be  0.06 
m*/C*,  a  typical  value  for  the  rhombohedral  PZT-based 
perovskites.^  The  solid  line  shows  the  extrapolation  of  the 
measured  values  to  T^,  using  Eq.  (S)  and  the  constants 
from  Table  II,  assuming  normal  Devonshire  behavior.  The 
remanent  poiarization  determined  by  Haertling^^  from 
hysteresia  loops  measured  on  ceramic  samples  is  also 
shown  in  Fig.  3  for  comparison.  At  low  temperatures  the 
two  measurements  are  in  good  agreemenL  but  begin  to 
diScr  substantially  above  s73  *C  where  the  remanent  po¬ 
larization  starts  to  coUapae.  As  discussed  eariier.  the  po¬ 


larization  enters  in  Eq.  (6)  as  the  square,  and  so  the  dif- 
ferences  in  the  two  curves  primarily  reflect  Uie  difl'erence 
between  the  reversible  macropolarization  (F)  and  local 
(rms)  polarization  ( <^>'^).  Since  the  spontaneous  polar¬ 
ization  is  the  noacroscopic  order  parameter  in  Eq.  (2),  the 
calculations  are  expected  to  approximate  the  macroscopic 
eiastodielectric  properties  only  at  low  temperatures  where 
thermally  activated  processes  are  frozen  out. 

B.  Froo-onorgy  density 

I'lder  conditions  of  constant  and  zero  stress,  and  ne¬ 
glecting  the  cell  doubling  transformation,  the  elastic  Gibbs 
free-energy  density  from  Eq.  (2)  becomes 
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FIG.  6.  Fre*-<ii«r0  <kfi«y-Curie  consuni  product  plotted  «|«inst  tetn- 
pcniuR  for  Pb,.,U,(Zr,MTi,„).../.0,.  Tlte  inict  ihotw  that  the 
itroni  compoaitioiial  dependence  of  the  G(C  product  it  maintained  even 
very  cioae  to 


G,^3xo(r-r,)/j  +  ;j>i^iK  (’) 

Multiplying  Eq.  (9)  by  the  Curie  constant  C  the  relative 
stabilities  of  the  rhombohedral  and  cubic  states  can  be  ex¬ 
amined  without  knowing  C  explicitly. 

C,C-  (3/2eo) ( r  -  r,)/i  +  +  tCl^y  ( 10) 

Using  Eqs.  (5)  and  (7).  the  constants  JC  and  were 
determined  from  A',  B,  and  <?««.  and  are  given  in  Table  II. 
The  calculated  G,C  product  is  plotted  against  temperature 
for  various  compositions  (x)  in  Fig.  6.  As  seen  in  the 
figure,  GfC  shows  a  strong  composition  dependence  that  is 
maintained  to  temperatures  very  near  Note  that 
at  room  temperature,  the  La  dependence  of 
G,C  (6<r, C/fix)  found  here  for  PLZT  is  more  than  five 
times  stronger  than  the  Zr  dependence  {SGfC/Sy)  ob¬ 
served  for  the  adjacent  rhombohedral  PCT  compositions  in 
the  range  of  0/75/25-0/53/45.“ 

The  curves  of  Fig.  6  suggest  that  increasing  the  La 
content  at  a  given  temperature  strongly  decreases  the  mag¬ 
nitude  of  the  free-energy  density  and  so  should  quickly 
lead  to  a  phase  of  cubic  symmetry  as  CiC  —  0.  Taking  the 
oothennal  G|C  products  for  the  Rim  phase  to  be  approx¬ 
imately  linear  functions  of  composition,“  the  La  content 
requir^  to  induce  the  transition  was  estimated  below  75  *C 
where,  judging  from  Fig.  5.  the  reversible  macropolariza¬ 


tion  (P)  approaches  the  local  (rms)  polarization 
( <iP)  '^).  The  calculations  indicated  that  the  structure  be¬ 
comes  truly  cubic  at  a  La  content  near  13  mol  %,  in  very 
good  agreement  with  the  experimental  measurements'* 
(Fig.  1).  Consequently,  application  of  the  simple  LCD 
formalism,  with  T,mT^  appears  to  give  physically  mean¬ 
ingful  results  for  these  compositions  at  low  temperatures. 
At  higher  temperatures,  where  the  remanent  polarization 
collapses  and  thermal  fluctuations  of  the  order  parameter 
may  become  important,  the  macroscopic  properties  are  no 
longer  expected  to  obey  Eq.  (2).  Instead,  as  discussed  be¬ 
low,  the  eflects  of  size  and  composition  on  the  subihty  of 
a  postulated  single-domain  polar  microregion  are  investi¬ 
gated  in  the  context  of  a  superparaelectric  model. 

C.  Sup«rpara«l4ctrfc  modal 

In  this  model,  it  is  assumed  that  small  deviations  from 
the  average  composition  (x)  can  localize  the  polarization 
to  regions  on  a  size  scale  where  thermal  fluctuations  of  the 
orienution  of  the  polar  vector  between  dilTerent  permissi¬ 
ble  varianu  become  possible.*  Here  we  inquire  as  to  the 
stability  against  thermal  agitation  of  an  isolated  region  in 
relation  to  its  size,  composition,  and  temperature.  These 
calculations  estimate  only  how  the  volume  subilization  en¬ 
ergy  of  a  postulated  microregion  with  symmetry  equivalent 
polarization  orienution  sutes  compares  with  the  thermal 
energy.  Surface  effects,  elastic  boundary  constraints,  and 
interactions  between  regions  are  not  considered. 

The  energy  barrier  H  separating  symmetry  equivalent 
polarization  orienution  sutes  is  given  by 

(1!) 

where  V  is  the  volume  per  unit  cell  ( a:0.064  nm*),  n  is  the 
number  of  unit  cells  in  a  postulated  microregion,  and  the 
free-energy  density  G|  may  be  determined  as  a  function  of 
temperature  and  composition  from  Eq.  (9)  taking  C 
»  2.0  X  10*  *C.“  Plou  of  —  against  temperature  will 
therefore  have  the  same  shapes  as  the  free-energy  density 
curves  of  Fig.  6.  From  Eq.  (11)  it  is  obvious  that  for  a 
given  composition,  the  smaller  the  value  of  n,  the  lower  the 
temperature  required  to  attain  subility  against  thermal  ag- 
iution.  Howevef,  since  the  free  energies  are  strong  func¬ 
tions  of  composition,  it  is  also  clear  from  Fig.  6  that  re¬ 
gions  most  deficient  in  La  will,  at  any  temperature,  be  the 
more  suble  at  a  given  size.  This  is  consistent  with  the 
original  observation  of  Bums  and  DacoL“ 

To  investigate  the  purely  compositional  effecu  funher, 
we  find  for  various  postulated  microregioa  sizes  n  the  tem¬ 
perature  subilization  difference  AT  for  which  the  energy 
barriers  H  for  two  compositions  x  and  x’  become  equal  to 
some  specified  value.  The  resulU  are  plotted  for  H 
«  kgT  in  Fig.  7.  At  macroscopic  sizes.  AT —0,  so  that  an 
equally  suble  ferroelectric  polarization  is  expected  for  all 
X.  As  the  mkroregioo  size  is  decreased,  AT  increases, 
eventuaUy  increasing  exponentially  as  the  size  is  reduced 
below  1000  unit  cells.  Given  V  « 0.064  nm*.  this  result 
implies  that,  in  the  lower  limit,  oompoaitioo  effecU  become 
important  for  mictotegions  with  equivalent  spherical  di¬ 
ameters  <5  am. 
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FIC-  HT  plotted  •(•iiiM  the  lof  of  the  pouuUiod  nucroregioa  nc  n. 
AT  ii  the  lempcnture  uahilizatioa  diffenaee  for  which  the  enero  btr* 
nen  H  for  two  ootBpoeitioew  m  uid  <'  became  eqtial  to  kgT.  The  dcii(|- 
MtioM  2-0  tad  44)  refer  to  the  AT  tMocitted  with  the  compodtioot 
c~0.02  tad  0.04  relaiivc  to  cwO.OO. 


For  noninteracting  microregions,  however,  the  polar* 
ization  flipping  frequency  is  given  by 

V— v, exp(  -  H/kgT).  ( 12) 

where  vg  b  characterutic  of  a  softened  lattice  nsode 
(slO'^  Hz).  Choosing  H  v  IShfr,  the  depolarization 
frequency  v  beemaes  about  13  kHz,  which  b  sufficient  to 
influence  the  dielectric  propertia  for  typical  measuring 
fields  at  10  kHz.  Repeating  the  calculations  of  Fig.  7  using 
MkgT  as  the  subiUty  criterion,  the  microregioo  size  at 
which  composition  effects  become  important  b  then  pre* 
dieted  to  be  IS  nm.  Thb  prediction  b  consbtent  with  direct 
TEM  observations”  that  place  the  size  of  the  polar  mi* 
croregions  in  PLZT  9/65/33  ceramics  near  10  run  below 
0  *C.  Moreover,  for  the  powder  samples  used  in  thb  study, 
composition  variations  on  thb  scale  are  not  unreasonable 
given  that  the  effective  crystallite  size  was  found  to  be 
substantially  larger  ( 30-60  nm).  The  scale  on  which  com* 
position  effects  become  important  relative  to  size  effectt 
alone  may  be  an  important  factor  dbtinguishing  solid  so¬ 
lutions  with  diffuse  transitions  (brood  but  not  frequency 
dbpersive)  from  those  with  relazor  (broad  and  frequency 
dbpersive)  phase  transition  behavior. 


V.  CONCLUSIONS 

X*ray  diffraction  aiudyses  of  chemically  derived 
P^i.>Ua(Zra«sriojs)i-v^}  (PLZT)  pow^  were 


combined  with  a  phenomenological  theory  to  invesii|atc 
the  corresponding  single<rysul  thermodynamic  properties 
of  compositions  approaching  the  relaxor  phase  tramiiigg 
region  (xaO-0.(M).  The  results  were  consbtent  with  the 
eabtence  of  a  local  (rms)  polarization  up  to  =;360*C  in. 
dependent  of  composition  (x).  The  predictions  of  the  phe- 
nomenological  theory  regarding  the  polarization  and  reh. 
tive  phase  subilities  were  in  good  agreement  with 
experimental  measuremenu  at  low  temperaturei  ai 
higher  temperatures,  where  thermal  fluctuations  of  the  po. 
lar  vector  among  the  symmetry  permitted  variantt  may 
become  imponanL  the  cakubtions  were  consbtent  with 
the  notion  of  compositionally  delineated  polar  microre¬ 
gions  in  the  size  range  of  S-I3  nm. 

ACKNOWLEDOMENTS 

The  authors  thank  the  Mitsubishi  Kasei  Corporation 
for  financial  support  of  thb  study.  One  of  us  (CAR) 
would  like  to  express  hb  appreebtion  for  the  kindness  and 
hospitality  shown  to  him  during  hb  suy  at  the  MKC  Re- 
search  Center.  It  b  a  pleasure  to  acknowledge  Y.  Matsu- 
moto,  K.  Mori,  and  M.  Sakaguchi  for  technical  assistance, 
and  T.  Matsuzaki.  S.  Nakamura,  and  Y.  Oguri  for  their 
support  of  thb  study.  Useful  discussions  with  C.  Randall 
and  D.  Viehland  are  also  appredated. 


'O.  SmolcMki  wd  A.  Asnnovika.  So*.  Fby*.  SoL  Slate  1,  1429  ( I960) 
A  RandaU  and  A  S.  BhaUa,  ipn.  J.  AppL  Pbys.  29.  227  (1990) 
*C  A  XaadalL  A.  &  BbaJla,  T.  R.  Shrmit.  and  L.  &  Crow.  I  Maier 
Rea  9.  129  (1990). 

*L  E.  Crow.  FetTockeiiica  7<.  241  (1917). 

’W.  A.  Schulic.  J.  V.  Bisgen.  and  L  E  Crow.  J.  Am.  Ceram.  Soc.  61. 
46  (197S). 

*W.  Fan.  E  Fonnan.  G.  O.  Daytoo.  aad  L  E  Croaa.  I.  Mater.  Sci.  Lett. 
S.  647  ( 1916). 

*A  F.  Devoashiic.  Pbiloa.  Ma|.  40.  1040  (1949). 

*M.  J.  Haim.  E  Furnua.  E  J.  )aii|,  H.  A  McKinstry,  and  E  E  Croai. 
/.  AppL  Fbya.  62.  2J2I  (1917). 

*M. ).  Haaa.  T.  J.  Harnn.  M.  T.  Lanagan.  Z.  Q.  Zhiiang,  S.  J.  Jang,  and 
L.  E  Croaa.  J.  Apirf.  Pbyi.  69.  3172  (1999). 

**11  D.  Megaw  and  C  N.  W.  Darlington.  Acu  Cryttallogr.  A  21.  161 
(1975). 

"a  M.  Olaicr.  S.  A  Mabud,  aad  E  Clatka.  Acta  Cryttallogr.  B  X 
1060  0979). 

’’a  Amin,  M.  J.  Haim.  B.  Badger.  H.  A  McKinttry.  aad  E  E  Crou. 
Fenoelecinca  69.  107  ( 1999). 

'*M.  J.  Haan.  E  Farmaa.  E  J.  Jaag.  aad  E  E  Croaa.  Fetroekctrict  99. 
12  (1999). 

'*Thc  B-aiie  vacaacy  ibrmak  ii  oaad  only  to  deKribc  the  aoaiiaal  com- 
poeiiioai  of  the  tampica  aad  ii  not  tatraMad  to  imply  a  panicalar  defea 
•tractare. 

'’A  Meitzler  lad  H.  O-Bryaa.  Froc.  IEEE  6E  999  (1972). 

■*2.  B.  Blam  aad  E  R.  Oarhovkh.  J.  Mater.  Set  20.  4479  (1915). 

'*B.  E  Wanaa.  X-apF  Dif/raetion  (Adiliioa  Waalcy.  Rcadiag.  MA 
1969). 

"M.  I.  Haaa.  E  Farmaa.  H.  A  IdcKiaiiry.  aad  E  E  Croaa.  Ferroelec- 
uka  99.  27  (1999). 

**  K.  Kaktgawa.  2.  Mohri.  T.  Talrahaaht  H.  Yamamara.  aad  E  Stirasaki. 
SoOd  StaaaCommaa.  96.  769  (1977). 

Kaktgawa.  K.  Aiii.  Y.  Saaalri.  tad  T.  Toaaiuwa.  J.  Am.  Ceram. 
See.  7LC49  (1999). 

”  M.  i.  Hmat.  Y.  H.  Ltt.  K  A  McKiaairy.  aad  E  E  Croat.  Ad*.  X-ray 
AatL  90.  473  (1997). 

**0.  Bane  mi  F.  DaeoL  Fhya.  Re*.  B  2E  2927  (1912). 


ReaMtE  NWWnura,  end  Cram  1030 


?3:»3  xr' 


N  W.  OuUBtua.  J.  Phy*.  C  2t.  3>}l  (I9I*)- 
.  J.  H*"“  E.  Funuo.  T.  R.  Hakaiio*.  •«<  L  E-  Crou,  Fnroelec- 
et  **.  S5  ( IPW). 

Kineh.  H.  Sduiia,  and  H.  E.  Muter.  Ferroeleetiie*  M,  J75  { 19»6). 
.  ).  Haua.  Z.  Q.  Zkuani.  E.  Fuman.  S.  J.  Jans,  and  L.  E.  Cron, 
fTodactrica  Pf,  4S  ( 1919). 


*’G.  H-  HaerUing,  J.  Am.  Ceram.  Soe.  54.  303  ( 1971 ). 

“M.  J.  Haim.  E  Furman.  S.  3.  ianf.  and  L  E  Croat.  Ferroelectrica  *9. 
63  (1919). 

”C.  A.  o^p4«il,  D.  J.  Barter,  and  R.  W.  Wliatmorc.  J.  Microac.  145. 27} 
(1956). 


t«7  J.  A«RL  Fhy*..  Vol  70.  NO.  3.  1  Au^jM  1001 


RooMM.  NNNmn.  a.'rd  OroM  1 


